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PREFACE 
The influents to a system employed for the biological stabiliza­
tion of organic wastewaters frequently contain multiple sources of 
carbon and energy necessary for microbial metabolism. Each of these 
sources of carbon and energy (hereafter called substrate) has the po­
tential of controlling the microbial growth rate at one stage or another. 
It is generally assumed that a microbial culture assimilates all of the 
substrates simultaneously. However, the pioneering work of Monod with 
pure cultures revealed that the presence of a specific substrate con­
stituent (such as glucose) caused competition between the substrates 
for controlling the rate of growth. Under these circumstances, the 
microorganisms preferentially assimilated one substrate at a time while 
temporarily preventing metabolism of the others. Therefore, the corres­
ponding batch growth curves were characterized by sequential growth 
cycles with each cycle corresponding to the exclusive utilization of a 
specific substrate of the mixture in separate phases. 
A few studies have been reported in the past ten years showing 
that phasic uptake of competing substrates can also be brought about 
by heterogeneous cultures employed in biological waste treatment pro­
cesses. However, the conclusions of the investigators have been contra­
dictory. Some have shown that glucose and galactose are sequentially 
removed by a heterogeneous batch culture whereas others have found these 
same substrates to be simultaneously assimilated in a batch process 
employing organisms having their origin in waste treatment plants. 
Moreover, glucose and sorbitol have been shown, to be assimilated simul­
taneously or in separat: phases in batch cultures depending on the "age" 
o f the culture, Some researchers have also investigated the fate of 
competing substrates in continuous biological processes. Continuous 
culture studies have shown that competing substates can be simultan­
eously assimilated by heterogeneous microbial populations although these 
same substrates were utilized sequentially (i.e., in separate phases) 
daring batch growth. Clearly, the results of continuous culture studies 
we re both in agreement with and contradicted by the results of the batch 
culture studies. Uiifcrtuoately, few efforts have b e e n directed toward 
resolution of these contradictions. The conditions under which compet­
ing substrates will be sequentially or concurrently assimilated have 
on teen established. Furthermore, information regarding kinetics o f 
o / o w h h and. removal o f Jnn competing substrates is not available. 
'The causes and. kinetics of sequential and/or concurrent utiliza-
to n o f competing substrates ate of great importance for prediction of 
n.e performas ;es as well as f r the design and control of biological 
treatment processes*. Since such information has not become clearly 
establisheo., the objectives of this research, were: 
1 . to i lives M ga( e t he T r i e o f t h e environmental, biochemical, or 
^+ter fa tors responsible for the occurrence of phasic or concurrent 
as similar.:- u . x two competing substrates; 
2 . t o obtain basic information necessary for formulation o f 
mathematical m lets describing t he kinetics o f assimilation of t h e 
.- mpetiug sucstiates; ana 
vi 
3« to identify the probable cellular mechanisms that regulate 
the pattern (sequential or concurrent) of substrate assimilation. 
vii 
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SUMMARY 
The influents to biological wastewater treatment processes 
frequently contain several different carbon and energy sources, each cf 
which could he growth limiting. These substrate components may interact 
because the enzyme systems capable of carabolizing each substrate com­
pete for supplying precursors for biomass synthesis, The substrate 
capable of supplying the anabolic pathways with needed precursors at 
the fastest rate is the primary substrate arid is preferably catabolized. 
In some systems the enzymes of the secondary substrates are so regulated 
that the uptake of these substrates can be Initiated only after a period 
of preferential utilization of the primary substrate. This research 
was undertaken to Identify some of the environmental, physiological, 
and biochemical factors responsible for bringing about substrate inter­
actions. The study was designed to provide information pertaining to 
the kinetics of growth and assimilation of competing substrates. 
The investigations were performed in a chemostat type reactor 
maintained at approximately 20° C. The Influents contained glucose and 
galactose as the competing substrates along with other non-limiting 
nutrients. Three sets of experimental runs were carried out using ga­
lactose, glucose, and galactose-glueose mixtures;, the latter in concen­
tration ratios of 1.05 no 1 . 23:1. Comparison of substrate utilization 
rates and cell yields from each of the nhree substrate systems at se­
lected growth rates provided qualitative as well as quantitative infor­
mation pertaining to the nature of substrate interactions and the 
kinetics of uptake of the competing substrates. 
The steady state data for all substrate systems shewed that at 
high detention times (ateve 1 . 7 hours for glucose and 2 . 9 hours for 
galactose) slow growing microorganisms, characterized by a lower maxi­
mum specif;J growth rate, k , and a lower saturation constant, K , pre­
vailed over the fast growers. At lewer detention times the slow 
growers were selected against and microorganisms with a higher k m and 
c became dominant. Steady state concentrations could be described by 
uhe Monod expression for specific growth rate. 
Glucose was found to he far mere efficient than galactose in 
terms of the growth yield and specific growth rate attained at any sub­
strate concentration. Ihese two substrates were simultaneously assimi­
lated from influents containing mixtures of the two. Glucose consumption, 
which remained unaffected in the presence of galactose, accounted for the 
growth yield, while assimilated galactose accounted for the energy of 
maintenance of all cells. Winn, a mixed substrate, glucose controlled 
the growth rate, as this substrate sustains a higher cell yield and a 
faster rate cf reproduction. Glucose stimulated the utilization of 
galactose as a supplementary energy source even though the galactose 
uptake rate per unit biomass was reduced considerably through non-
xmpetitive and feedback-type inhibition of the rate controlling galac­
tose permease. 
Theoretical analysis Indicated that in batch or plug flow reac­
ts cue slow growers would sequentially assimilate glucose and galac­
tose at growth rates below 0.6/hour, However, the fast growers p?ce-
ferred concurrent utilization if the ratio of initial galactose and 
xxi 
glucose concentrations exceeded 1 . 2 5 : 1 . Sequential utilization "was 
not evidenced in the continuous flow system as the slow growers were 
replaced by organisms capable of concurrent assimilation. Thus, the 
mode and kinetics of assimilation (sequential or concurrent) of compet­
ing substrates are determined by the nature of the specific growth rate 
functions with reference to the individual substrate concentrations, 
the relative configurations of the resultant specific growth rate curves 
of the various substrates, the ratio of concentrations of the substrates, 






Man was well aware of the phenomenon of fermentation in ancient 
times, even though he did not know of the existence of microorganisms 
and their role in causing this phenomenon. Nevertheless, he keenly ob­
served the phenomenon and learned to put it to work for his benefit. 
The aging of meat for a more pleasing taste and the manufacture of in­
toxicating drinks from grains and fruits were man's first use of fermen­
tation. The French scientist Thenard (l) announced in 1 8 0 3 that the 
"essential materials" used by wine makers were living organisms respon­
sible for producing the alcohols. However Thenard's discovery was not 
to be appreciated until 1 8 5 7 when Pasteur (2 ,3) published his research 
showing that certain diseases were caused by living microorganisms and 
that faults in wine were due to improper alcoholic fermentations carried 
out by living cells known, as yeasts. It is the latter property, of 
course, which is still the subject of much concern to biochemical and 
sanitary engineers. Since the days of Pasteur a vast body of knowledge 
has been accumulated about the structure, food and environmental require­
ments, growth patterns, and hereditory characteristics of microorganisms. 
Role of the Environment 
The microbes form a large group of very diverse organisms ~-
2 
diverse in their characteristic food habits and habitats a 
found almost anywhere they are sought because there almost alw £ : 
microenvironments suitable for the survival of one or more of the 1 
ous varieties of microbes. Wind, water, and animals help In th 
gration and their making contact with the right habitat and food. Sin i 
the major constituent of a microorganism is water, ranging 
percent, the habitat should necessarily be aquatic or humid in nature., 
The chemicals which give rise to optimum growth are called nutrie 
they are of two categories: (l) the dispensable nutrients which can be 
done without, and (2) the indispensable nutrients which have i i be presei 
in order for growth and multiplication to take place. Som 
trients like carbon, nitrogen, phosphorus, sulfur comp' tts La , -• 
metals are incorporated into the protoplasm, while others such, as 
ammonia, hydrogen sulfide, glucose, etc., which might serve as elect • 
acceptor or energy sources, are used and subsequently dispones 
Liferation requires optimal levels in the environment of physical and 
chemical factors such as surface tension, osmotic pressure, temperature, 
pressure, hydrogen ion concentration, and salinity. The optimui 
ally consists of a fairly wide range of values, but different sp 
are not all alike in this respect. It is also fairly well h >wn bhai 
radiation and the nature of solid surfaces in the envlronmeri %f 
growth, the effect of the latter being favorable and attributed I ran r 
Every organism belongs to a species which is the lowest subdi­
vision of the kingdom. The word strain designates a laboratory culture 
derived from a known source of some species. Strictly speaking, the 
basic unit of taxonomy is the strain or clone which is a. populati( 
genetically identical cells and would give rise to a strictly pure 
culture. 
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biologists to the concentration of nutrients on solid surfaces by absorp­
tion. 
Mixed Cultures 
An environment along with the organisms which are cultivated in 
it can be referred to as a biological culture. In nature, it is possible 
that more than one species of bacteria can find an environment suitable 
for growth and multiplication either free of interference from each other 
or by beneficial association. Such cultures, which may be termed mixed 
cultures, invariably change the environment physically and chemically in 
the process of growth and finally to the detriment of further multipli­
cations of certain species. Other micro- or macroorganisms may find 
the changed environment suitable, and grow by consuming the remnants of 
food, waste products, and even the bodies of the first group of inhabi­
tants. Change in the physical and chemical properties of the environment, 
whether brought about by the activities of the microorganisms or macro-
organisms, would give rise to a succession of biological population in 
time. The occurrence of the culture of a particular species or a group 
of species in a particular locale in nature is frequently discontinuous 
in time since the conditions permitting the persistence of species by 
multiplication may appear and disappear in regular or irregular fashion. 
One can thus begin to appreciate the shifts of microbial population which 
may and indeed do occur due to the change in physical as well as chemi­
cal characteristics of the environment. It might be said that an en­
vironment "selects" one or more species of microorganisms whose environ­
mental requirements are compatible with those provided by the environment 
doing the selection. This is the area of study of the ecologist, and the 
k 
it j c I toinLcal a n d S t tn i ( m r y ci:gi n o o r s find useful n p p l ' o v . i - j n o!'' his I.' i t:d-
Lngs in manipulating the environment for selecting th** desired species 
fr-̂ m a mioed c u l t u r e obtuj tied from nature. 
P u r e Cii u ' i f | s 
(•or centuries microorganisms have been playing I'ar more important 
roles than their sizes would suggest. They are responsible for weather-
ii;g and soil format ion, elemental trans formations, production of organic 
matter, causation of disease, ciecoitiposJ tion or organic remains, produc­
tion of antib Lot I cs, vitamins and gr uwtli motors i'or higher animaLs, 
biological nitrogen fixation and fertilization of soil and aiding in 
digesting processes of ruminants and higher animals, because of the vi­
tal roles that they play in determining the fate of human society, con­
siderable importance has been attached to studying the morphology, 
physiology, biochemistry, genetics, and the life cycle of the micro­
organisms; these are conveniently accomplished by isolating and examin­
ing genetically similar types of organisms. A culture of microbes 
arising from parents which were genetically similar is referred to as a 
pure culture. Investigations with pure cultures of the appropriate or­
ganisms have led not only to control of disease and increase in life 
expectancy of humans and animals, but also to increase in production 
from age-old fermentation processes and introduction of" new ones. Suf­
fice it to mention that without pure culture studies such drugs as peni­
cillin would not have been produced. 
Were it not for ttie introduction of t'he <; t o gj L y e o j e r r 1 a ret r 
cuItnre technique of Beijerinck (k) and Winogradsky (5), aitempts t o 
develop pure cultures might not have been very p r o d u c L i v e In Itie 
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enrichment technique, the microbiologist uses the knowledge of the 
ecologist for simulating the favorite natural microenvironment in the 
laboratory in macrcscopic dimensions. The simulation technique is most 
useful for selecting organisms of special physiological groups, such as 
nitrifying, denitrifying, sulfur-oxidizing, and cellulose or protein-
decomposing bacteria. Depending on the extent of knowledge about the 
nutritional properties and optimum levels of physical factors needed 
for growth, the adjustment of the environment in enrichment culture may 
be made so precise as to select and allow the growth and proliferation 
of microorganisms belonging to the same species. It is not difficult 
to imagine now that by graduated manipulation of the environment, Nature 
or man can obtain biological cultures exhibiting a spectrum of taxonomic 
heterogeneity ranging from highly heterogeneous to genetically homogeneous 
or pure culture. Though a common criticism of the use of pure cultures 
is that the organises so obtained are "abnormal" and their physiological 
capabilities differ greatly from organisms in nature, yet one finds algal 
blooms in certain lakes to be restricted to a single species and single 
species of sulfur bacteria in sulfur springs. There are many other ex­
amples of natural pure cultures to be found in the microbiological 
literature. 
Dominant Cultures 
It is conceivable that a given environment can hardly be suitable 
for proliferation of an indefinitely large number of species, and it is 
the experience of the ecologist that most natural environments are domi­
nated in population by relatively few species -- half a dozen or so 
species or strains constituting 9 5 percent of the population. The 
6 
situation arises by virtue of the fact that usually a few selective en­
richment factors like high temperature? extreme pH, a toxic factor, or 
the presence or absence of a key growth factor operate to impose a limit 
on the taxonomic heterogeneity of the microbial population. Although it 
is in vogue to refer to natural biological cultures as heterogeneous, 
very often what one is speaking <.,i is a culture of delined heterogeneity 
or a dominant culture,. 
A biochemical engineer employs a pure culture and less frequently 
a dominant culture as dictated by the product of interest. A biochemical 
engineer's concern is the product and its purity, and very often such 
objectives are best achieved by selection, of an appropriate pure sub-
strate to be processed by a pure culture. in contrast, a sanitary 
engineer has no choice over the substrate, which is almost always highly 
heterogeneous In chemical composition, and is responsible for producing 
innocuous products within acceptable limits. Dominant cultures are of 
best service due to the heterogeneous nature of the substrate. By pro­
perly manipulating the chemical and p.hysi a.l environmental factors, it is 
possible to maintain, a dominant culture for yielding products of desired 
quality. Ire sanitary engineer thus uses dominant cultures for control­
ling biotic or abiotic environments, natural or artificial, whether they 
Very often the words mixed, heterogeneous,enrichment, and domi-
nant are used interchangeably. 
In the literature the words nutrient and substrate are frequently 
used synonymously, but in this report the growth-controlling carbon and/ 
or energy source would be designated as the substrate. 
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occur in the hydrosphere, lithosphere, or the atmosphere. 
Biological Cultures in Sanitary Engineering 
It is the task of the sanitary engineer to restore the eco-
system to a state acceptable to society and to maintain prescribed 
standards of quality which tend to be altered as a result of deposition 
of waste materials. This has traditionally been accomplished by a two-
pronged attack: (l) adjustment of the environment of the ecosystem it­
self; and (2) control of the inputs of extraneous waste materials into 
the natural ecosystem by isolating the wastes and subjecting them to ap­
propriate treatment before release into the ecosystem. The essence of 
the task is to convert the discarded organic matters into innocuous in­
organic matter and acceptable gaseous products such as CH^, CO^, N^, 
and 0^. This would not seem to be a difficult task since, by virtue of 
higher entropy, organic matters are metastable and their decomposition 
into simpler inorganic compounds would be exergonic. However, a certain 
amount of energy of activation is required to raise organics to a state 
of chemical reactivity, which may be accomplished by supplying energy 
from the outside and which can be recovered at the end of the reaction. 
The initial supply of energy required can be lowered by the addition of 
catalysts which help lower the energy of activation. However, chemi­
cal conversion of dilute organic wastes is not usually economical owing 
to the large heat requirements in heating carriage waters. 
In biological conversion of organic matter, as carried out inside 
An ecosystem refers to all the interacting biotic and abiotic 
(physical and chemical) elements in a limited and defined universe. 
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a microbial cell, a series of coupled biochemical reactions take part 
in the conversion process, each reaction being mediated by a biological 
catalyst called an enzyme and requiring a small amount of energy of 
activation. The process proceeds at almost a constant temperature and 
only a part of the energy of reactions appears as heat in contrast to a 
drastic rise in temperature and unchecked evolution of heat in purely 
chemical reactions. The remainder of the energy of reaction is con­
served as chemical energy in the energy-rich phostate bonds of energy-
rich compounds such as adenosine triphosphate (ATP). These important 
aspects of the biochemical reactions have led the sanitary engineers 
to use biological decomposition for destruction of organics in dilute 
aqueous wastes. A successful exploitation of this controlled and step­
wise execution of endergcnic reactions by the microbes, developed 
through evolutionary processes for their survival, would mean skilled 
harboring of these living micro-reactors. An artificial ecosystem is 
created to simulate the natural ecosystem which allows the flourishing 
of the desired organisms. Physical and chemical factors are so con­
trolled that the chosen organisms can grow and multiply at the highest 
attainable rate. 
One point which is yet to be discussed is the fate of the stored 
energy from biochemical reactions. The important function of micro­
organism is to utilize nutrients for synthesis of macromoleeules to 
form part of the protoplasm. The energy for this synthetic process is 
derived from cleavage of energy-rich bonds of the energy-rich compounds. 
The end result is that only a fraction of the organics of wastes can be 
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destroyed by biochemical combustion, while a substantial portion ends 
up as macromolecules of even lower entropy. Successful treatment there­
fore demands separation of the biomass and their disposal -- a created 
problem. Organisms which have inefficient processes for synthesis (ana-
bolism) of macromolecular protoplasmic constituents (proteins, lipids, 
and carbohydrates) would require more energy of synthesis thereby re­
sulting in a need for increased combustion of organics. Due to the 
existence of the respiratory chain in the aerobic organisms and their 
capacity for oxygen metabolism, energy production is a more efficient 
process in them than in those species (e.g., the anaerobes) not endowed 
with this physiologic capacity. The physiologic incapacity of the 
anaerobic organisms is of advantage in organics destruction because 
proportionately more of it would be oxidized per unit of biomass (sludge) 
produced thus alleviating the problem of sludge disposal. The environ­
mental requirements for the growth and multiplication of anaerobic micro­
organisms are very different and, due to the very nature of the ineffi­
cient energy-generating mechanisms, relatively more concentrated organics 
are desirable for successful cultivation. Control of the environment is 
more difficult and expensive. A more elaborate discussion of applica­
tion of anaerobic cultivation is not within the scope of this effort. 
Sanitary Engineering Processes 
General 
Depending on the nature of the waste, the quality of end product 
Biochemical combustion usually refers to oxidation reactions in 
which oxygen or some other gas such as carbon dioxide may be reduced. 
The energy released is trapped partially in the formation of energy-rich 
compounds. 
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and economics, various types of biological cultures may be employed. 
The series of biochemical reactions in the cells conducive to the de­
sired end point is the process which takes place in a tank or reactor 
forming a unit of the waste treatment plant„ A careful study of the 
many sanitary engineering processes reveals that there are common fea­
tures from the biological and physical viewpoints. An appropriate ex­
ample is the trickling filter and the biological sand filter. The 
design of either unit is based on the same principles, although the 
relative importance of the mechanisms of organic removal may not be the 
same for both systems BoJch units employ slime forming microorganisms 
growing on solid surfaces. The organisms range from strict anaerobes 
at the bottom of the slime layer to facultative and aerobic organisms 
dwelling on the slime surfaces. The flow of the waste waters follows 
the same hydraulic principles. Biochemical treatment in packed beds 
which involve biologically and physically heterogeneous media, and where 
the reactions take place in solid-liquid phases, may be viewed as a 
unit process. A unit operation, on the other hand, employs any one of 
the physical operations, such as mixing, mass transfer, gravity separa­
tion, and mechanical filtration amongst many others. Unit operations 
and unit processes may be necessarily carried out in the same reactor 
or in separate reactors and frequently the success of one depends on 
that of the other, To achieve the desired treatment, the sanitary engi­
neer may use one or more unit operations and unit processes comprising 
the total waste treatment system. 
Empirical versus Rational Approach to Process Design 
Very likely, as in the past, complete scientific and engineering 
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knowledge of a process will be unavailable at the time of need and no 
rational model or mathematical equation can be derived which will be 
universally applicable to the prediction of the overall process behavior 
for different wastes. The design of the process is then based on the 
engineering judgment of the engineer and past experiences in the profes­
sion regarding the correlation between performance and operational 
variables in similar processes. In many cases the engineer establishes 
the correlation through laboratory or pilot plant studies. This empirical 
approach in the absence of needed information has been common in all 
branches of engineering and sanitary engineering is no exception. Such 
efforts cannot be belittled as they have been responsible for important 
concepts and methods of sanitary engineering. It is desirable, however, 
to appreciate the limitations of the applicability of these empirical 
relationships. 
Process economics demand a more rational or even a deterministic 
approach to process design. The goal is rather simple, namely, carrying 
out the biochemical reactions in the shortest possible time, using the 
smallest possible reactor, and Involving a minimum of process control 
and use of equipment and power. The first two are interrelated and in­
volve maximizing the rate of biological activity which in turn involves 
increased process control and cost. A balance may be found by sacrificing 




The rate of conversion of the organic matter in waste waters is 
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necessarily determined by the velocity of the coupled biochemical reac­
tions in a microbial cell, and it should be possible, at least theoreti 
caily, to derive expressions for conversion rates of each nutrient and 
formation rates of each product. Such a deterministic approach Is not 
piesently possible owing to the complicated nature of the reaction 
arrangements forming a netwoik with open-ended branches, Reactants are 
channeled Into different directions and products might emanate from dif 
ferent chain reactions. The reaction of one chain might depend on the 
supply of products from reactions of another chain. The picture is 
further complicated due to transport kinetics of the nutrients through 
the cell wall and of products of reactions from one area of protoplasm 
to another. Some of the transport processes are mediated by enzymes 
while others are not. The control of the formation of the enzymes and 
their activities or both by the genes in response to stimulation from 
the extracellular environment complicates the picture enormously. Many 
of the reaction mechanisms, enzyme regulation mechanisms, and transport 
mechanisms are unknown. Furthermore, the nature of the complexity dif­
fers from cell to cell owing to the physiological heterogeneity of the 
dominant culture employed. It cannot be overemphasized that building o 
a deterministic process kinetic model is a formidable, If not impossibl 
task. The complexity of the problem, however, has not deterred the eng 
iieer in his effort to find a rational process kinetic model. 
Rational Model 
In biological processes employing dominant cultures, it is the 
collective biochemical capability of the population which is of impor­
tance. The individual species of the process culture, though different 
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In their total physiological capabilities, are controlled to collectively 
express a property, such as conversion of starch and NH^Cl to proteins, 
CCU, and H^O. The culture therefore may be considered uniform and akin 
to pure culture as far as its functions in the process are concerned. 
It is not surprising to find, therefore, as is very often the case, that 
the course of nutrient consumptions, product formation, and biomass syn­
thesis follows orderly forms Df mathematical equations with functions 
applicable to description of similar properties of pure cultures. The 
similarity of behavior of dominant and pure cultures indicates that the 
various species of a dominant culture grow in harmony without impeding 
each other's growth and proliferation and at a rate commensurate with 
the controlled environmental factors. Despite the skepticism of many, 
the concept of dominant culture behavior and experimental observations 
thereof points to the applicability of pure culture kinetics to dominant 
culture behavior. A convenient approach has been to construct a process 
kinetic model similar in form to those applicable in pure cultures, but 
adequate to describe the total behavior of the dominant culture as ex­
pressed by the course of nutrient assimilation or growth. 
The concept of constructing a process kinetic model based on the 
kinetics of assimilation of organic carbon -- expressed as biochemical 
oxygen equivalent (BOD) or chemical oxygen equivalent (COD) -- dates 
back to I 9 0 9 when Phelps ( 6 ) proposed a monomolecular rate of biochemi­
cal degradation of organic matter which must "be a complete food or be 
combined with other essential food requirements." Phelps essentially 
proposed first order kinetics -- which does not necessarily follow from 
the monomolecular reaction -- with respect to the decomposable carbonaceous 
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matter. Though trie equation found almost universal acceptance and 
application In the following decades, It has also been the subject of 
criticism by many since first order kinetics are not applicable in all 
phases of microbial metabo] srm A modern approach, which is more 
rational -- at least in the opinion of this author is to relate the 
kinetics of decomposition of nutrients to the kinetics of growth of the 
dominant culture since the integral property and behavior of the culture 
are reflected in the overall growth of the culture. The kinetics of 
assimilation of nutrients or formation of product can then be related 
to the kinetics of growth through the introduction of a coefficient or 
constant of proportionality between yield of biomass per unit mass of 
nutrient assimilated cr product formed, This approach, although free 
from, the criticisms associated with the first order approach, also has 
some limitations as discussed in Chapter II. Various equations have 
been proposed to describe the course and kinetics of growth, but the one 
due to Monod (?) has proven to be applicable for growth of dominant and 
pure cultures of bacteria and other microorganisms. The Monod model is 
flexible in that it can be used for zero-order kinetics of growth in the 
presence of abundant food supply up to second order kinetics when growth 
is controlled by limitation of a nutrient. 
Up to this point the discussion has proceeded with the tacit 
assumption that the medium of growth is a "complete food," i.e., all re­
quired growth factors are present in quantities exceeding the minimum 
requirement, and as the organisms grow, one of the nutrients (substrate) 
is exhausted to the point of controlling further growth. The medium is 
in essence similar to the minimal media used in laboratory studies where 
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not more than one chemical is provided to serve as the source of one 
(or more) growth factors. For example, a sugar may be used to serve as 
a source of carbon as well as energy. 
Substrate Interaction and Diauxie 
If the minimal requirement is not satisfied, growth cannot occur 
and the addition of the deficient nutrients, such as nitrogen and phos­
phorus compounds, may be warranted. On the other hand, situations are 
found -- which are probably more frequent in waste treatment than rea­
lized -- in which there may be a multiplicity of sources of any of the 
growth factors. Thus, two or more sugars may serve as the source of 
cellular carbon; FtĤ NÔ  and alanine as the nitrogen source for protein 
formation. The cell In such cases is confronted with the task of selec­
tion between the given alternatives or the use of all of the chemicals 
simultaneously, giving rise to sequential or concurrent utilization of 
nutrients. As might be suspected, the cell carries out one or the other 
course or both in the interest of maximum yield of protoplasm at the 
fastest rate. 
Returning to the case of two sugar substrates for the purpose of 
illustration, there is of course a maximum rate at which some carbonaceous 
breakdown product of either sugar may be incorporated into protoplasm 
via a synthetic pathway. The prevalent concentrations of the sugars may 
be such that either sugar may provide the breakdown product (catabolite) 
in sufficient amounts as precursor for a synthetic pathway. The sugars 
"compete" so to speak, to provide the precursor. Due to kinetic limita­
tions of the catabolic pathway, one of the sugars may not be able to 
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supply the precursor as fast as the other sugar, and it is possible that 
the cell may choose to assimilate the "faster" sugar in preference to 
the "slower" one. With the aid of mechanisms developed through, certain 
evolutionary processes to be discussed shortly, catabolism of the slower 
sugar is halted temporarily. Such a scheme of operation of selective 
operation of enzyme'- ic pathways is economical since the energy required 
for transportation of the slow substrate across the cell boundary and 
its degradation as well as the energy of synthesis of the enzymes in­
volved in transport and degradation processes are conserved, By the 
same line of reasoning, one may explain preferential a s s i r n i l a t i o x i of a 
nutrient which happens to be the catabolite of the less preferred nutria; 
In clarification of the concept of "competition" (or "interaction 
between nutrients, it might be mentioned that there is conceivably no 
competition between nutrients having distinct roles in metabolism. For 
example, glucose should not be looked upon as a competitor for ammonium 
chloride as the former serves as a carbon or energy source whereas the 
latter serves to provide nitrogen for synthesis of nitrogenous urganic 
matter of protoplasm, 
The preferential use of the more economical substrate, which may 
be referred to as the "primary substrate," cannot conceivably continue 
indefinitely in the face of its continuing depletion from the medium as 
a result 0 1 growth. The survival characteristics of the microorganisms 
are such that rapid growth is to be continued at a maximum rate permis­
sible within the constraints of the environment. This requires the cell 
to draw upon the "secondary substrate" for the supply of the growth fac­
tor as soon as it cannot be derived from degradation of the "primary 
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substrate" at a rate commensurate with the rate of utilization of the 
growth factor for synthesis. 
The metabolic pattern just discussed would obviously give rise to 
-x-
a growth curve of more than one cycle. The first cycle is characterized 
by the preferential utilization of the primary substrate, exclusively at 
first, but concurrently with the secondary substrate after some point in 
the first growth cycle until complete exhaustion of the former substrate 
is realized. During the second cycle, growth is controlled solely by 
the secondary substrate. The resulting growth curve Is complex with 
double cycle intervened by a :ransition phase when growth is slowed down 
due to physiological adjustments of the cellular machinery to cope with 
the secondary substrate instead of the primary. 
A number of diphasic growth curves with the two sigmoid parts 
forming two steps were observed by Monod ( 7 ) during bacterial assimila­
tion of interacting carbohydrates. The phenomenon was referred to as 
diauxie. The intervening transitional phase with an apparent growth lag 
should preferably be designated as the diauxie lag to differentiate this 
phase of complex growth cycle from the ordinary lag phase of a simple 
single cycle sigmoidal growth curve. 
The above discussion might lead one to suspect that diauxie growth 
is inevitable if two or more growth controlling substrates are present. 
This of course would not happen if the concentrations of three competing 
Quantitative data on the mass of microbial protoplasm or num­
bers of organisms at different points in time of growth of a biological 
culture when plotted as a function of time give a sigmoid bacterial 
growth curve which may be looked upon as a cycle of different phases 
distinguishable from each other by differing growth rates. 
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nitrogen sources are so small that none of them can individually provide 
the nitrogen requirement for maximum growth rate. Also, substrates of 
similar chemical composition do not always compete. The investigations 
of Monod revealed that two carbohydrates, each i f which may serve to ce 
present together in the growth medium. 
A very pertinent question which arises is: how do microorganisms 
accomplish the selection of substrates? Microbes have developed for un­
numbered generations in environments as competitive as those faced by 
other forms of life. While other speed es have not. been able to survive 
when confronted with hostile environment, microbes have persistently pro­
liferated by virtue of their capability to adapt to changing environments 
and reproduce rapidly. To compensate for unfavorable aspects of their 
environments, microbes have developed metabolic tricks. These are re­
sponses of enzyme synthesis and activity which tend to bring the intra­
cellular environment into a condition suitable for rapid growth. This 
is a situation that exists as a result of evolution. Various chemical 
and physical forces in the environment determine the responses of enzyme 
synthesis and activity, and the enzymic make-up of the cell. The selec­
tion of substrate for metabolism only reflects the enzymic composition 
that has come into being for rapid growth and multiplication under the 
prevalent environmental constraints. 
Cellular Mechanisms for Regulated Uptake of Competing Substrates 
In explanation of diauxie growth in the presence of glucose, it 
had been stated by Monod ( 7 ) that this substrate prevents the induction 
do not give rise to diauxie when 
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of the inducible enzymes of the secondary substrate as long as the 
former is present. Such a role of glucose was termed the glucose effect. 
Monod's hypothesis of enzyme induction does not explain how enzyme for­
mation can be prevented in the presence of the secondary substrate which 
by itself or by one of its catabolites can induce the enzymes necessary 
for its degradation. There also remains a controversy regarding the 
indueibility and constitutivity of enzymes. Monod's hypothesis also 
does not directly explain the assimilation of an amino acid, such as 
arginine, in preference to an inorganic, nitrogen source such as ammonium 
sulfate in a nitrogen controlling growth medium. It appears that pre­
vention of formation of enzymes needed to synthesize the amino acid from 
ammonium sulfate is preferred in the Interest of energy conservation, 
and it is plausible that this is accomplished by another mechanism which 
overrides the induction mechanism or deactivates it, thus nullifying the 
role of the Inducer present. It has been shown that the catabolites and 
end products of enzymatic reactions do indeed control the synthesis and/ 
or activity of the enzymes responsible for formation of these compounds 
themselves. In the case of arginine containing medium, arginine, the 
end-product of the anabolic pathway for arginine synthesis, is said to 
inhibit the formation of ornithine transcarbamylase which catalyzes the 
formation of a precursor for arginine synthesis. This mechanism is re­
ferred to as end-product repression of enzyme formation. The mechanism 
is somewhat different in the case of a glucose-galactose substrate in 
that an Intermediary catabolite in the glucose pathway, instead of an 
end product, may be responsible for controlling the formation of the 
inducible enzymes of the galactose pathway. The mechanism has been named 
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catabolite repressicr: - The mechanisms of end product repression or 
catabolite repression are put into action when the concentration of the 
era product or the catabolite provide the chemical potential adequate 
to stimulate the genes to modify the normal course of action (which is 
to synthesize enzymes in the presence of the inducer) and halt the 
enzyme making machinery, 
While the repression mechanisms, which have received some experi­
mental support^ explain prevention of formation of enzymes, they do not 
explain how galactose enzymes present due to acclimitization of cells 
in galactose would be prevented from degrading this substrate notwith­
standing the presence of glucose,, It is suggested that the classical 
type of inhibition of the galactose enzymes by the glucose catabolites 
comes into effect to deactivate the enzymes while any de novo synthesis 
is prevented by catabolite repression., This mechanism of pure inhibi­
tion, commonly referred to as feedback inhibition or retro-inhibition, 
operates on existing enzymes to deactivate them and should not be cc i 
fused with the repression mechanism which controls the formation or 
synthesis of enzymes« It has been indicated by molecular biologists 
that feedback inhibition Is an emergency measure designed for swift con­
trol of enzymes present but not needed as contrasted with the sluggish 
gene-regulated repression mechanisms• All of the mechanisms discussed 
have received experimental supperf with regard to their roles in causing 
diauxie growth and sequential utilization of substrates either operating 
separately or jointly. The details of the mode of action of the catabo­
lite in stimulating the genes into action and the mechanism of regulation 
of enzyme formation by the genes lave net yet been revealed. 
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Substrate Interactions in Sanitary Engineering Processes 
Status of Knowledge 
The occurrence of sequential substrate utilization by hetero­
geneous cultures as encountered in aerobic biological processes in sani­
tary engineering has been demonstrated by several Investigators. However, 
there have been conflicting reports of concurrent as well as sequential 
uptake of secondary substrates. The occurrences of sequential uptake 
have been variously attributed to "catabolite inhibition" -- meaning 
feedback inhibition or catabolite repression of the enzymes of the 
secondary substrate or both. Furthermore, glucose or its catabolites 
were not believed to affect the induction of enzymes of secondary sub­
strates during the first phase of the diauxlc growth. It has been im­
plied that the glucose effect is peculiar to substrate systems comprised 
of glucose and other carbohydrates, and also that the glucose effect 
persists until this preferred substrate is completely exhausted from 
the growth media. 
Ho hypothesis has been advanced to reconcile the conflicting 
reports of concurrent and phasic uptake of Interacting substrates. As 
regards causative mechanisms, there remains no reported explanation as 
to when and why either feedback inhibition or catabolite repression or 
both would be operative. The contention that glucose does not affect 
induction of enzymes of the secondary substrates is untenable; it is 
hard to imagine why enzymes of the secondary substrate, which is not 
assimilated In the presence of the primary substrate, would be induced 
at all. The glucose effect or diauxic uptake is not always character­
ized by glucose being the antagonistic substrate, for there are reports 
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of reversal of this role of glucose in dominant cultures where acetate 
and glucose served as carbon and energy sources. Finally, the theory 
of total rejection of the secondary substrate in the presence of the 
preferred one is difficult to comprehend. If this were to be true, then 
a fractional concentration of any preferred substrate would stop the 
metabolism of any secondary substrate, which of course cannot occur for 
it means starvation of organisms in the presence of substrates. In con­
clusion, it may be stated that little is known about the causative me­
chanisms underlying substrate interactions and the kinetics of assimila­
tion of interacting substrates. 
Significance in Sanitary Engineering 
The ramifications of sequential utilization of substrate compo­
nents from heterogeneous wastes are of substantial significance in the 
management of the water quality of natural bodies of water, planning 
water pollution control programs, and the design of biological processes. 
Diphasic and triphasic oxygen utilization by biological sludges have 
been reported in multieomponent nutrient systems containing interacting 
substrates. The occurrence of double oxygen sags -- not predictable 
from the Streeter-Phelps concept of stream self-purification -- has been 
demonstrated In laboratory plug-flow models simulating stream flow and 
charged with two interacting substrates. Such studies point to the im­
portance of consideration of sequential utilization in assessing and 
predicting the oxygen profiles In streams. Economic allocation of oxygen 
resources and usage of It is possible with a more accurate knowledge of 
the oxygen profile. This requires a knowledge of kinetics of sequential 
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utilization. In biological processes, introduction of a waste stream 
with interacting substrate would result in complete or partial "leakage1 
of the secondary substrate resulting in drastic effects on the quality 
of the effluent from the process. Proper design and operation of bio­
logical processes would require diagnosis of potential sequential be­
havior and design of a treatment system from a knowledge of the kinetics 
of complex growth cycles. 
Scope of Further Studies 
It appears that concurrent and sequential substrate utilization 
and growth are two Important modes of action a microorganism is capable 
of carrying out as warranted by the environment and for the sake of most 
rapid growth and maximum yield of biomass. The mechanisms which become 
operative during diauxic phenomena are obviously not expressed in the 
absence of the interacting substrate. The genes play a significant role 
since the expression and suppression of physiological capabilities 
acquired through evolution and heredity are involved. Delineation of 
environmental and physiological factors which bring about the expression 
of the dormant capabilities of the cell to use substrates selectively 
are important in planning and predicting performances of pollution con­
trol systems. Use of a catalogue of interacting substrates to demon­
strate the possibility of occurrence of the phenomenon in sanitary 
engineering processes is convenient for laboratory research, but such 
a procedure can hardly be of substantial aid to the practicing engineer 
who is encountering an enormously large number of chemicals in the waste. 
A rational approach would be to base predictions on analysis of biochemi-
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eal pathways of the substrate system, in terms of any possible interaction 
of pathways, energy requirements for different pathways, nature of en­
zymes involved, the characteristics of the rate controlling steps in 
alternative pathways, etc. To the author's knowledge, there is no report 
of such an approach which would lead to establishment of criteria for the 
occurrence of diauxie. 
The kinetics of catabolite repression and feedback inhibition 
are obviously different, and the physiological and environmental factors 
which might result in either catabolite repression or feedback inhibi­
tion or both mechanisms taking effect need to be delineated. 
Economical process design and stream water quality management 
demand a rational kinetic model for uptake of interacting substrates. 
Information on the effect of secondary substrate on the kinetics of 
utilization of the primary substrate and vice versa in comparison to the 
kinetics of utilization of each of the substrates as the sole carbon 
source would be helpful in achieving this objective. No effort has been 
directed in this direction. Information regarding the growth yield on 
individual substrates during the diauxie lag is of great importance in 
obtaining a process kinetic relationship. Such information could not 
be gathered by the investigators because of the batch reactors used in 
their experimentation in which the diauxie lag would last for only a 
limited period of time. 
As mentioned earlier, the assumption that glucose does not inhibit; 
induction of enzyme(s) of the secondary substrate is contrary to the 
hypotheses of the proponents of the theories of catabolite repression 
and. needs to be examined. 
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It is known that the rate of cellular utilization of many sub­
strates is controlled by the rate of enzyme mediated transport of the 
same through the cell wall, and there are also reports of repression and 
inhibition of enzymes taking part in the transport process. Although 
not indicated by any investigator, repression or inhibition of the 
cellular transport system may conceivably give rise to diauxic. Deri­
vation of a kinetic expression may be greatly simplified if repression 
or inhibition is operative on the transport system which exhibits char­
acteristics of a single enzymatic step. 
Information on the topics enumerated above is prerequisite to 
the development of a kinetic model for biological processes designed to 
treat heterogeneous waste containing interacting substrates. This re­
search was undertaken to provide some of this information. 
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CHAPTER II 
REVIEW OF LITERATURE 
General 
In order to establish the current status of knowledge pertaining 
to the causes, enzymatic mechanisms, and kinetics of diauxie metabolism 
and growth, a rather extensive search of the literature had to be under­
taken covering areas of microbial metabolism and growth, environmental 
effects on microbial response, kinetics of simple and complex growth, 
and mechanisms of enzymatic and genetic control of cellular metabolism. 
The information compiled was expected to contribute towards a basic 
understanding of the sequential phenomena as well as to serve as an aid 
in formulation of the research methodology. The pertinent information 
has been disseminated in numerous symposia, lectures, conferences, and 
publications in diverse fields of science and engineering in all parts 
of the world. It was noted that very limited information on these topics 
of interest is available in the sanitary engineering literature. 
Biological Processes 
Biological processes generally occur within limited environments 
where physical and chemical controls may be exercised and wherein chemi­
cal reactions catalyzed by enzymes secreted by bacteria, protozoa, algae, 
fungi, virus, and animals are in progress. The course and outcome of 
the process depend on the physiology, characteristic biochemical activi­
ties, and the proliferating abilities of the microbes and their genotypic 
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and phenotypic capabilities to respond to environmental changes. For 
the purpose of analysis, the individual microorganisms may be considered 
as living micro-reactors in which raw materials (substrates and nutrients) 
are transported to be processed by degradative (catabolic) reactions into 
energy and degradation products. Some materials are used for the syn­
theses (anabolism) of polymeric substances like proteins, enzymes, nu­
cleic acids, glycogens, lipids, etc. required for further growth and 
eventual fission (cell division) to yield two new and identical reactors. 
The end products are therefore energy, degradation products, and identi­
cal microorganisms. 
Conceptually, the progress of biochemical conversion in the 
total process is a composite of the conversion rates in all individual 
organisms. However, due to the complexity of the reaction system --
which is to be discussed shortly -- there does not exist any comprehen-
-x-
sive theoretical model expressing the kinetics of conversion in an 
individual cell. 
The classical approach towards derivation of a rate law for any 
biological process has been an empirical one, in keeping with engineering 
traditions. While the development of process kinetics models from the 
overall kinetics of the enzyme system has to await elaboration of com­
plete enzyme sequences, evaluation of kinetic constants for enzyme re­
actions, delineation of interdependencies of different reactions and 
elucidation of other factors, rational models can be built to describe 
-x-
A model is simply a symbolic form in which physical and chemical 
principles are expressed. It may be an equation that is derived by con­
sideration of the pertinent scientific principles, operated on by logic, 
and modified by experimental judgment ( 8 ) . 
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the macro-effects and behavior of the entire population of microbes in 
a process culture. 
One such approach is to relate fermentation kinetics to kinetics 
of growth of the entire culture. Gaden (9) has discussed this approach 
where kinetics of growth and product formation (or substrate utilization) 
are closely related. Another approach involving the application of the 
absolute reaction rate theory to the total biological system has been 
discussed by Alba, et al. ( 1 0 ) . Both approaches are similar since the 
derivations of the rate laws are based on consideration of an overall 
reaction scheme in which process reactants are converted to final prod­
ucts after passing through a transient state of high potential energy. 
Because the performance and control of any biological process are 
dependent on the driving forces for transport through the cell wall, 
the permeability of cell membranes to penetration, cellular metabolism, 
growth, and modification of these various cellular processes with en­
vironmental change, some discussions of these topics were considered 
warranted. 
Cellular Transport of Nutrients 
The rate of transport of nutrients from the medium to the cell 
boundary is controlled by the physical forces of diffusion, convection, 
and mixing. However, the transportation of nutrients from the cell 
boundary to the cytoplasm Is frequently accomplished with the help of 
enzymes. 
Penetration by nutrients through a cell wall often requires de­
gradation of macromolecules by extracellular enzymes liberated from 
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within the cell by a mechanism not completely understood au the present 
time. hampen (ll) has postulated that exoenzymes are formed on the cy­
toplasmic membrane and are excreted through the cell wall during growth 
and elongation of the membrane, aided by simple diffusion or mediated 
transport in the presence of an autolytic enzyme called autolysin. 
Following this action whicn is frequently hydrolytic in nature, 
absorption and transport across the cell wall may be accomplished either 
by active transport characterized by concentration within the cell 
against a gradient and coupled with the expenditure of metabolic energy, 
or by passive transport by simple diffusion. Passive transport, however, 
plays a minor role since the cytoplasmic membrane is very poorly per­
meable even to hydrophilic compounds and most metabolic intermediates 
generated in the cytoplasm stay within the cell and hardly diffuse out 
through the membrane serving as an osmotic barrier ( 1 2 ) . 
Active transport is brought about by ectocellular enzymes seated 
on the cytoplasmic membrane ( 1 3 ) ' These enzymes, called permeases by 
Rickenberg, et al. (it-) and Monod (15), regulate the interactions between 
the internal and external environments by controlling the entry of the 
nutrilites into the organism. The permease system is comprised of func­
tionally specialized proteins which are stereospecific toward substrates 
and distinct from metabolic enzymes ( 1 2 ) . Therefore, according to the 
permease model (±6-2.k), nutrients are selectively transported through 
the mediation of stereospecific enzyme-like proteins involving the ex­
penditure of energy. 
Active transport is also characterized by an entrance reaction 
mediated by specific enzyme-like substances also called permease, and 
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an exit reaction for the simultaneous emanation of nutrients catalyzed 
by exitase ( 1 9 - 2 3 ) . While the permeases obey classical laws of enzyme 
kinetics (25) and require energy, opinions differ regarding similar pro­
perties of the exitase system ( 1 9 - 2 3 ) • The important function of the 
permease system is its great ability to accumulate substrates within the 
cell in concentrations far exceeding those found in the external medium 
( 2 0 - 2 3 ) « The steady state concentration of a substrate within a cell 
can be considered to represent a balance between the rate of uptake of 
the same and the rate of its loss to the medium ( 2 0 ) . 
In light of the above discussion, it is apparent that the course 
and kinetics of a biological process may be dictated by the permeases 
since many of the growth-promoting and growth-inhibiting effects of 
components of complex media may be due to specific interactions at the 
cell membrane. A review of the subject ( 2 6 ) points to an important as­
pect; i.e., the constitution of the permease system is dependent on the 
substrate to be transported rather than on the microbial species. 
Enzymes and Metabolism 
It has been pointed out previously that nutrition of bacteria by 
nutrients and substrates fills two needs: materials for construction of 
protoplasm and energy stored in energy-rich compounds for the endergonic 
physical and chemical processes of the organism. The process of produc­
tion of protoplasmic building blocks and energy by catabolism, as well 
as the process of assembling the building blocks into protoplasm by 
anabolism are so intertwined that this total process of biochemical 
transformation of nutrient material within a cell is frequently referred 
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to as metabolism. Each line of metabolism requires a coordinated system 
of several enzymes to bring it about. The number of enzymes, organized 
in straight or cyclic chain systems, is determined by the number of suc­
cessive steps involved in the whole process. Thermodynamically, each 
line of metabolism represents a multibarrier free-energy profile punctu­
ated by energy peaks and valleys. The energy difference between the 
initial reactant and the final product is released or supplied (depend­
ing on the direction of reaction in the reversible chain) in graduated 
quantities after each energy peak is crossed. An extended discussion of 
profiles of free-energy, enthalpy, and entropy may be found in a treatise 
by humry ( 2 7 ) . 
In the metabolic process, the substrate molecule is acted on 
successively by all the enzymes in tandem and arranged in a definite se­
quence forming a pathway so that a final product of the sequence is formed 
to be passed on to another metabolic line. Thus the pathway contains a 
number of enzymes whose specificities form an unbroken chain such that 
the product formed by each enzyme falls within the range of specificity 
of the following enzyme. Naturally, if any one of the enzymes is missing 
or inhibited as might happen in an environment, the process is blocked 
at that point and the whole system becomes Inoperative. Finally, it 
should be emphasized that the cellular metabolism as a whole is brought 
about by one great network-like multi-enzyme system. The different path­
ways are interlinked, and breakdown products of one catabolic pathway may 
serve as the substrate of an anabolic pathway. Depending on the environ­
ment, especially with regard to the extracellular substrate concentra­
tion, the chain reaction may move in either the forward or the reverse 
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direction. The whole pathway reaches a steady state or a dynamic equili­
brium when each stage in the pathway Is near but not quite at its own 
equilibrium and the intermediate metabolites remain at low concentration 
with constant formation and breakdown ( 2 8 - 3 0 ) . 
Classification of the enzymes or enzymatic pathways as degradative 
(catabolic) and biosynthetic (anabolic), according to the degradative 
or synthetic function of the enzyme or pathway, is not adequate because 
some enzymes at the junctions of catabolic and biosynthetic pathways 
might serve as both. Also, due to the reversible nature of the enzymatic 
reactions, some pathways may be used for catabolism or anabclism. Davis 
( 3 1 ) has defined amphibolic enzymes to be those which fulfill both ana­
bolic and catabolic functions. Accordingly, an amphibolic pathway is a 
pathway which may be used for catabolism or anabolism. This review of 
the regulation of enzymes and enzyme formation indicates that, due to 
their strategic importance, the amphibolic enzymes and pathways frequently 
become the subjects of cellular regulation. 
Operation along a particular metabolic line and its associated 
hi -e1 les is very much dependent on environmental factors. Depending on 
these environmental conditions, one of several possible products may be 
fi o-ied via one of several routes. In some cases the substrate has been 
shown to be degraded by the simultaneous use of several alternate routes 
( 3 2 ) . The chemical, and physico-chemical constitution of the environment 
may affect the affinity of the enzyme system for the substrate and ac­
celerate or decelerate the velocity of transformation. The formation of 
enzymes and the amounts of each of these catalysts are regulated by the 
nucleic acids, the very synthesis of which is dependent on enzyme catalyzed 
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reaction. 
The picture which emerges from the foregoing is that of a vast 
network of interdependent reaction systems which may remain entirely or 
partly operative at maximum or reduced velocity at any time depending 
on environmental factors. This complexity, coupled with the dearth of 
information regarding enzyme sequences and their thermodynamic proper­
ties, makes it extremely difficult to formulate rate laws of substrate 
conversion or product formation from analysis of the reaction systems. 
Growth. 
Growth of Individual Cells 
Growth of a cell reflects the harmonious functioning of the 
geared enzyme system leading to the addition of macromolecular products 
to the protoplasm. However, addition of protoplasmic mass and growth 
of an organism do not go on indefinitely and, after a characteristic 
size is reached, the cell divides due to hereditary and internal limita­
tions. It has been hypothesized that the decrease in surface area to 
volume ratio of the cell with increase In size leads to the necessity 
of segmentation of the cell, although evidence also exists in opposition 
to this hypothesis ( 1 3 ) • With many species, the rate of growth of an 
individual cell may follow a sigmoid growth curve, the growth being 
least just prior to and after cell division ( 1 3 , 3 3 - 3 ^ ) * The genera­
tion time of organisms has been variously defined as the time interval 
between the fission of the nucleus of the mother and the daughter cell 
or the time period between the appearance of the daughter and grand­
daughter cells ( 3 5 ) - Generation time, however, is not constant even for 
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the organisms "within a clone since the time of duplication of the genes 
within an organism varies as a chance event ( 1 3 ) - The distribution of 
the generation .times has been variously ..claimed to fit a Yule's distribu­
tion ( 1 3 ) > a normal or the Gaussian distribution ( 3 6 , 3 7 ) > and skewed 
Pearson Type III or Type V distribution ( 3 5 ) - Further, the variability 
of the cell division rate (number of cell division/unit time) can be 
modified by environmental conditions ( 3 6 ) . Therefore, organisms of iden­
tical hereditary characteristics are capable of exhibiting generation 
times varying within a range even when subjected to identical environments. 
Development and Growth of Microbial Culture 
The process of fission occurring in the mother cell would be re­
peated in the daughter cells, the granddaughter cells, and so on, result­
ing in an increase in both the mass of protoplasm and the numbers of 
organisms in the culture. Such is the process of development of microbial 
culture. It may be imagined that the daughter cells and the cells of 
the subsequent generations should divide in unison at the end of each 
generation time since all cells share the same heredity. The increase 
in protoplasmic mass (biomass) and numbers of organisms would then be 
characterized by discrete positive shifts following and preceding a con­
stant level. However, due to variability of generation time, all of the 
individuals in the population rarely go through their fission cycles in 
concert to exhibit this type of synchronous growth as envisioned above. 
In heterogeneous culture, of course, the possibility of occurrence of 
synchronous growth cannot be perceived. 
The growth of the population, i.e., the growth of the microbial 
culture, continues in smooth fashion until a characteristic maximum is 
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reached when further growth is not possible due to limitations of food 
and other factors. Although exceptions have been noted, the time-course 
of increase of numbers of cells or biomass frequently follows a sigmoid 
or S-shaped function which would be repeated if a few microbes are trans­
ferred (subcultured) in a fresh medium. Analysis of the sigmoid curve 
or the so called microbial growth curve reveals a complex and character­
istic cycle of physiologic and metabolic phenomena. The phases of the 
cycle (which have been named somewhat differently by different authors) 
are conveniently separated at points of the growth curve denoting changes 
of slope ( 7 , 1 3 ) • The characteristics of the various phases of growth 
(see Figure l) as defined by Monod ( 7 , 3 8 ) are summarized ( 1 3 ) below. 
1 . hag phase: Adaptation to a new environment; very long 
generation time; growth rate null; duration longer for species with 
longer generation time in exponential phase; length of lag varies ac­
cording to the phase from which inoculum is derived and decreases with 
increase in inoculum size; lag period does not affect course of subse­
quent phases; cell size and rate of metabolic activity maximum at lag 
phase; rate of multiplication lags much behind the rate of production 
of protoplasm; cell size is maximum. 
2. Acceleration phase: Decreasing generation time and increas­
ing growth rate. 
3 - Exponential phase: Minimal and constant generation time; 
maximal and constant growth rate; maximum rate of substrate conversion 
and product formation; achievement of steady state as indicated by 
nearly constant ratio of DhA/cell, RNA/cell, protein/cell, enzymes/cell, 
constant cell density and constant and minimum cell size; growth rate in 
this phase is a property of the particular species. 
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FIGURE !. SCHEMATIC DIAGRAM SHOWING THE GROWTH PHASES 
AND VARIATION OF GROWTH RATES BETWEEN PHASES 
( A F T E R M O N O D ( 7 ) ) 
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k. Retardation phase: Increasing generation time and decreas­
ing growth rate due to gradual decrease in food concentration and in­
creased accumulation of toxic metabolites; increasing death rate. 
5. Stationary phase: Exhaustion of nutrients, high concentra­
tion of toxic metabolites, maximum physical crowding or M-concentration 
effect ( 3 9 ) j multiplication rate balanced by death rate; growth rate 
null. 
6. Phase of decline: Endogenous metabolism (M-0), high death 
rate, lysis, regrowth or cryptic growth (k±,k-2) ; multiplication over­
balanced by death rate resulting in negative growth. 
With reference to Figure 1, it should be mentioned that increases 
in biomass concentration do not necessarily coincide with the rate of 
increase of cell concentration (numbers/unit volume) at all phases of 
growth, although such coincidence is the characteristic of the exponen­
tial phase where cell size remains nearly constant. 
Mathematics of the Simple Growth Curve 
Biologists have been inspired to develop mathematical expressions 
for growth ever since the presentation of the doctrine of human popula­
tion growth by Malthus (k3,hk). The sigmoidal curve, proposed empiri­
cally in the Malthusian doctrine, is described by a mathematical ("lo­
gistic") function proposed by Verhulst {h^>) and Pearl and Reed (U6). 
The "logistic" function has been adopted by some (h7,hQ) as the equation 
for microbial growth, the logic for acceptance being that the function 
represents all phenomena underlying population growth. It is known 
that the growth curve of a bacterium or of a bacterial population, of 
human or animal limbs, of population growth of rats, rabbits, swine, 
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pigeons, horses, doves, flies, chicken embryos, pre-pubertal or post-
pubertal growth in humans and rats ( ^ - 9 ) , a s "well as the rate curves of 
numerous phenomena of physics, chemistry, biology, and human society are 
sigmoid in nature. Thus the mere fact that a microbial growth curve is 
of sigmoid shape does not prove that growth is analogous to another phe­
nomenon with the same type of development, although uhis assumption has 
sometimes been made. It has been aptly pointed out by some biologists 
( 3 1 , 5 0 ) that the analogy is mathematical and not a physico-chemical one. 
Since this equation does not express the biochemical phenomenon of growth, 
and since the constants involved hove no physiologic significance, the 
equation is not a mechanistic model of microbial growth. An equation 
which gives mere coincidence of numbers is of no theoretical use to the 
microbiologists or the process engineer unless it depicts or suggests 
the modus operandi of the underlying metabolic phenomenon. 
As it can be imagined, construction of a theoretical model of 
microbial growth from consideration of oil of the metabolic peculiarities 
of all phases of growth is a formidable task. Beran ( 5 l ) stated that 
it is difficult to express variation of growth rate by a simple equation 
since each of the metabolic processes in the cell has a different kinetic 
course and affects the overall growth rate. While limited theoretical 
analyses have been performed for the lag phase ( 3 8 , 5 2 ) , stationary phase 
and phase of decline ( 4 2 , 5 3 , 5 ^ - ) , much more effort has been expended for 
the derivation of a theoretical expression for growth during the exponen­
tial phase. Since the exponential phase is of special importance to the 
process engineer by virtue of the associated maximal metabolic rate, it 
is appropriate to discuss the mathematics of this phase in detail. 
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Mathematics of Exponential Growth 
The growth of a culture during the exponential phase is said to 
be balanced ( 5 5 ) to signify growth over a period of time during which all 
constituents of the organisms are, mathematically speaking, increased by 
the same factor. Moreover, balanced growth is said to be unrestricted 
balanced growth when medium constituents are not limiting for the rate 
of growth attained. Conversely, restricted balanced growth exists when 
the growth rate is limited by a constantly maintained limiting concentra­
tion of a single constituent of the medium ( 1 3 ) - For balanced growth 
under restriction of a single limiting substrate or nutrient, the expo-
nential growth rate tends to depend on variations in the concentrations 
of this limiting factor only in dilute media. A mathematical model de­
scribing the effect of the concentration of the limiting nutrient on the 
specific growth rate of microorganisms has been proposed by Monod (7, 
3 8 ) . As stated by Monod ( 3 8 ) , this simple law expresses the growth rate 
*Any one of the essential nutrients in the growth medium is a 
potential limiting factor. Composition of the medium may be such that 
concentrations of all essential nutrients are in large excess compared 
to that of one of them which then becomes the limiting nutrient and re­
mains so as long as its concentration is low enough to eliminate inter­
ference from other potential limiting factors (pH, oxygen concentration, 
etc.) or nutrients ( 3 8 ) . Change of concentration of the limiting nutri­
ent, by definition, should affect growth, substrate consumption, or 
product formation. 
•*-x-
Growth rate during the exponential phase is the slope of the 
straight line in a plot of a logarithmic growth curve ( 1 3 ) -
*** , r , 
Slator (56) first proposed the following mathematical formula 
for the determination of the specific growth rate constant or the ve­
locity coefficient: o 
2 . 3 0 3 Q A M 
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where k = specific growth rate (time 1 ) ; X° = organism, concentration 
at time Qj_ ; and X° = organism concentration 1 at time 63 . (Continued) 
he 
in the exponential phase as a function of the concentration of the limit­
ing nutrient. 
k = — | ( 3 ) 
m 
where k = maximum limit of k for increasing concentrations of the 
growth limiting nutrient, and commonly called the maximum 
specific growth rate 
n 
X Q = concentration of limiting nutrient at time 9 
K =s concentration of nutrient when k = km/2, and commonly re­
ferred to as the saturation constant -
m 
It is important to note that k and K are influenced by the degree of 
complexity of the medium and the physico-chemical nature of the environ­
ment. Mo nod ( 7 , 3 8 ) also proposed that total growth, X ° , bears a linear 
n 
relationship with the initial concentration, X , of the limiting nutrient 
Thus 
X ° ^ X ° - X ° = Y ° X R ( 1 0 t max 0 0 
lere Y° = observed or apparent yield coefficient assumed to be constant 
Due to the empirical adoption of Equation 3 , often referred to as 
X X" X . 
(Concluded) It is evident that k is the slope of the straight 
line plot of the logarithmic growth curve, and when computed from equa­
tion (l), It represents the average value of growth rates during the in­
terval of time ( 6 3 - 6 1 ) . By proposing Equal ion 1 , Slator in effect pro­
posed the primitive of the following differential equation expressing the 
basic law of microbial growth: 
dX° 
IT = * n <2> 
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the Monod Growth Kinetic Model, numerous criticisms have appeared in 
the literature regarding its adequacy to describe microbial growth. 
The objections are briefly enumerated as follows: 
1 . The model is not expected to adequately describe growth in 
phases other than the exponential phase ( 5 7 ) -
2 . The model is too simple to describe complex metabolic pro­
cesses giving rise to growth ( 5 8 , 5 9 ) -
Death rate during growth phase is neglected ( 3 8 ) . 
Implies constant generation time. 
Interference of toxic metabolic products and modified en­
vironment towards the latter part of the exponential phase may become 
growth controlling instead of the limiting nutrient ( 5 8 ) . Reduction 
of growth rate may be brought about by a variety of physico-chemical 
effects other than the concentration of limiting nutrient. 
6 . The model is not expected to describe growth when controlled 
by the rate of transport across the cell wall ( 6 0 ) . 
7 . The model is inadequate to describe batch growth, since it 
does not correct for the effect of toxic metabolites, death, etc. 
8 . Equations for batch growth curves based on the Monod equation 
are not amenable to easy mathematical solution (1+ 6 , 6 1 , 7 ) • 
9 - Assumption of constant growth yield with respect to limiting 
nutrients is not valid ( 5 7 - 5 9 ; 62-( 
1 0 . At large concentrations of limiting nutrients, k may de-
m 
crease instead of approaching k due to inhibition by excess concentra­
tion or osmotic effects ( 5 8 ) . 
k2 
1 1 . The model is incapable of describing growth and metabolism 
in completely mixed, continuous cultures ( 5 7 , 5 9 , 6 2 - 6 5 , 6 7 ) -
Figure 2 shows a plot of specific growth rate, k, as a function 
of concentration of the limiting nutrient (glucose). The curve closely 
approximates a rectangular hyperbola described by Equation 3« Monod 
idealized the curve by drawing it through the origin, although the data 
would permit the curve to originate at some positive value of the ab-
scissa, X , thereby implying that there is no small concentration of 
glucose below which growth is impossible. As pointed out by a number 
of authors ( 1 3 , ^ 0 , 5 9 , 6 2 - 7 1 ) , this assumption is invalid in many cases 
and modification of Equation 3 would be required. This aspect of the 
Monod growth equation is aiscussed in a later section. 
various other growth kinetic hypotheses by Teissier ( 7 2 ) , Eovick and 
Szilard ( 7 3 , 7 * 0 , Spicer ( 7 5 ) , Moser ( 7 6 , 7 7 ) , Ierusalimsky ( 7 8 ) , Con­
tois ( 7 9 ) , Takehiko ( 5 6 ) , Powell ( 6 0 ) , van Uden ( 8 0 ) , Saidel ( 8 l ) , and 
Leudeking and Piret ( 8 2 ) have been used in preference to Equation 3» 
The Teissier equation, 
Owing to the aforementioned limitations of the Monod equation, 
dk 
( 5 ) s 
whence 
m/-. -c s\ k = k ( 1-e X ) . (6) 
empirically proposed before Monod to describe a first order increase in 
k, was preferred by Lipe ( 6 2 ) and Schulze ( 6 3 - 6 5 ) , although the latter 
author had earlier concluded that variation of k follows a "saturation 
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FIGURE 2. GROWTH RATE OF E.coli AS A FUNCTION OF GLUCOSE 
CONCENTRATION (AFTER MONOD (7)) 
or absorbtion" curve ( 8 3 ) similar to the Monod equation, Novick and 
Szilard ( 7 3 : . - 7 V ) used a zero order Increase of k with respect to the con­
centration of the limiting substrate. The equations of Spicer, Take-
hiko, Leudeking and Piret, and Saidel take into account the effect of 
secreted toxic metabolites and death on growth rates,, Takehiko? s 
equation is claimed to describe all of the phases of the growth curve 
if the "critical cell concentration" and the "coefficient of consump-
bive activity" can be estimated. Powell van Uden, and Saidel con­
sidered mass transfer :ra+e through the cell wall to be an important 
factor and suggested the incorporation of factors representing diffu-
sivity, permeability, and. surface structure of the cell. Ierusalimsky 
paid special attention to the effect of cell concentration in causing a 
decrease in specific growth rate and his equation involves philosophic 
and urineasarable constants, e,g„, "metabolic coefficient," "trophic 
coefficient," etc. which are of nebulous significance. Contois intro­
duced a parameter, p, (see Equation 7 ) in the Monod equation to account 
for the decrease In k at high population density^ or 
where p •- population density. 
The equation of Moser (see Equal ion 8 ) can be reduced to the form of 
Monod s equation if the constant, \, is unity 
4 5 
Kinetics of Growth in Heterogeneous Culture 
Since the classical works of Butterfield and co-workers (84,85), 
the data of many researchers ( 8 6 - 8 8 ) have conclusively shown that the 
growth curve in heterogeneous culture follows the same sigmoid function 
as observed with pure cultures. This is not very surprising since the 
dominant species surviving under the given environmental constraints 
express common physiological capabilities under the dictates of the 
physico-chemical factors of the growth medium; in this respect a hetero­
geneous culture is akin to a pure culture. Since the growth curves of 
heterogeneous (or dominant) and pure cultures are similar, it might be 
anticipated that the kinetics of growth in both cases could be described 
by a similar mathematical formulation. In fact, Garrett and Sawyer ( 8 7 ) 
have reported that the kinetics of substrate utilization by mixed cul­
tures were the same as had been observed for pure cultures of bacteria. 
Since the presentation of the mathematical formulation of the 
sigmoid growth curve by Fair and Moore ( 8 6 ) , considerable effort has 
been expended by Sanitary Engineers to arrive at simplified versions of 
these equations. Following the suggestion of Fair and Moore regarding 
approximation of their continuous function by "two-phase" discontinuous 
functions, Garrett ( 8 9 ) , Garrett and Sawyer ( 8 7 ) , and later McCabe ( 9 0 ) 
have elaborated on the mathematical forms and methods of determination 
of the two rate constants which are said to approximate the growth curve. 
However, the pseudo-transition point or the point of discontinuity be­
tween the two phases represents values of substrate concentrations which 
are much higher than the observed substrate concentrations; better agree­
ment between observed and predicted substrate concentrations can be 
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obtained if the predictions are based on the Monod equation ( 9 1 ) • The 
other equations which have found application in heterogeneous cultures 
of high microbial density have been recommended by Gram (92), McKinney, 
at al. ( 9 3 ) , and McKmney ( 9 ^ - ) , 
While these equations may be suited for- engineering design of 
biological processes to be operated at a particular growth phase, the 
fact remains that these equations describe specific growth rate as a 
discontinuous and unrealistic function of the food concentration and are 
merely approximations of the Monod equation which has been shown to 
satisfactorily fit data on growth and metabolism by heterogeneous cul-
tures ( 6 1 , 9 1 , 9 0 - 9 9 ; • 
Evaluation of the Monod Growth. Kinetic Model 
While objections to Monod*s assumptions of constant growth yield, 
of disregarding the effect of the altered environment, and of toxic 
metabolites on growth have some merit, the other adverse criticisms do 
not appear to have sufficient basis. For example, transport limited 
growth is expected to be described by Equation 3 since permease controlled 
transport and growth obey the same kinetic law, namely the enzyme kinetic 
model of Brown ( 1 0 1 ) , Henri ( 1 0 2 ) , Michaelis and Menten ( 1 0 3 ) , and Briggs 
and, Haldane (±0k)? which serves as the basis of the Monod model. Monod 
justifiably neglected the death rate since death rate in the exponen-
rtal phase of dilute cultures is negligible ( 1 3 , 2 8 ) , informations regard­
ing death rates are inconclusive, and accurate techniques of measurements 
are not available. Thus Monod's specific growth rate can be viewed as 
the net growth rate which is of most practical importance. The equations 
for batch growth and nutrient assimilation derived by Monod (7) are 
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admittedly cumbersome and are not without tedium for mathematical manipu­
lation. However, computer methods of solution by nonlinear least squares 
analysis (100,105) or solution by graphical techniques ( l 0 6 ) are now 
available. 
From the foregoing it may be concluded that the equations proposed 
to replace the Monod growth kinetic equation have no more theoretical 
basis than the latter. Many of the observed disagreements are due to at­
tempts to fit data on growth during the acceleration and retardation 
phase or the phase of decline in disregard of the fact that the model 
was proposed for the exponential growth phase. While empirical equations 
have limited applicability due to the lack of firmer scientific basis, 
rigorous theoretical analysis in line of the approaches of Deans ( 1 0 7 ) 
and the concept of "total integration" and "network theorem" of Dean and 
Hinshelwood (52) remain incomplete by the authors' own admission. On 
the other hand, the Monod growth kinetic equation is acceptable because 
it is rational and firmly based on the law of growth by binary fission 
and the universally accepted Michaelis-Menten law of enzyme kinetics. 
Furthermore, the equation is simple relative to the complex biochemical 
phenomena it describes and the constants of the equation have interpret-
able physiological significance. Finally, the model is of proven value 
in analyses and prediction of the kinetics of fermentation ( 1 0 , 2 8 ) and 
sanitary engineering processes ( 7 1 , 9 1 ; 9 5 - 9 8 , 1 0 0 ) . 
Physiological Significance of Constants of the Growth Equation of Monod 
As shown later in Chapter IV, the saturation constant, K, is re­
lated to the Michaelis constant, K . The value of K indicates the af-
' m — 
finity of the bacterial enzyme system for the substrate and provides a 
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guideline for comparison of the growth supporting capacities of sub­
strates ( 1 0 8 ) . Jacob and Monod (25) have indicated that the reciprocal 
of the saturation, constant Is a measure of the apparent affinity of the 
organisms for the substrate. It has been further suggested by Monod 
( 3 8 ) that K bears a 
...distant relation to the apparent dissociation constant of 
the enzyme involved in the first step of the breakdown of a given 
compound [ and that] ...one might expect the K values to be 
lower than the corresponding values of the Michaelis constant of 
the enzyme catalyzing the reaction. 
m 
The significance of k lies in the fact that if is a very useful 
parameter for comparing the efficiency of a series of related compounds 
as the source of an essential nutrient ( 3 8 ) . "from the viewp< Lnt of in-
m 
terpretation of diauxie phenomena, a more important significance of & 
Is best expressed in the following statement of Monod (38.1 3*0: 
There is no doubt that it (km) is related to the activity of 
the specific enzyme systems involved in the breakdown of the 
different compounds, and i t can be used with advantage for the 
defection of specific changes, e.g., hereditary variation af­
fecting one or another of these systems, 
The yield coefficient, Y°, which may be defined as growth yield 
per unit quantity of substrate utilized, or the product yield per unit 
quantity of substrate assimilated of biomass synthesized is a function 
of the chemical nature of the substrate, the type of microbial species 
(i.e., the enzyme system) involved and environmental factors. Moreover, 
growth yield, which gives rise to biological solids production, is not 
dependent on the Gibbs ' free energy of oxidation of the substrate ( 1 3 , 
1 0 9 , 1 1 0 , 1 1 1 ) as contended by some ( 1 1 2 , 1 1 3 ) . The implication by McKin­
ney ( 1 1 M - , 1 1 5 ) that growth Is related to the enthalpy change of substrate 
oxidation has been shown, to be questionable by Schroeder and Busch (ill). 
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Had this hypothesis been valid, the same growth yield would be expected 
from all of the ketohexoses which is not true. Bauchop and Elsden ( 1 0 9 ) 
and Hetling and Washington ( 1 1 0 ) have shown that growth yield is depen­
dent on the yield of ATP per mole of substrate assimilated, a quantity 
not necessarily related to theoretical COD or free energy or enthalpy 
change of substrate during metabolism. Cell yields may be different 
even for the same organism utilizing the same substrate depending on 
the environment (aerobic, anaerobic, etc.) and the metabolic pathway 
used. Furthermore, the growth yield is higher in complex media because 
some of the monomers and building blocks for protoplasm are readily 
available and more ATP can be diverted for polymer synthesis. Hetling 
and Washington ( 1 1 0 ) have concluded that mixed culture of organisms 
gives a higher yield on a substrate than a single species. 
In light of the above exposition, it may be concluded that the 
concepts of dependence of growth yield on. the various factors envisioned 
by Placak and Ruchhoft ( l l 6 ) , Sawyer ( 1 1 7 ) , McCabe and llckenfelder ( l l 8 ) , 
McKinney ( 9 ^ ) , Helmers, et al. ( 1 1 9 ) , Huekelekian, et al. ( 1 2 0 ) , and 
Hoover, et al. ( 1 2 1 ) are of questionable validity. The yield coefficient 
is indicative of the fraction, of net ATP production (which is dependent 
on environmental factors and the nature of microbial species) available 
for synthesis of polymers of biomass as well as on that fraction di­
verted for other energy requiring functions. 
Complex Microbial Growth Cycle 
The discussicns on microbial growth and metabolism put forth up 
to this point have been in reference to biological cultures exhibiting 
simple growth cycles as depicted by a sigmoid curve. However, there 
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have appeared numerous reports showing stepwise fermentation of sub­
strates and yielding complex growth curves which appear to be a composite 
of two or more sigmoid curves in series and connected by step-like phases 
or pauses (see figures 3A and 3i>j during which the growth rate passes 
through a minimum arid ever be.omes negative ( 3 8 ) . 
The phenomenon was first reported in 1901 by Dienert ( 1 2 2 ) who 
observed that glucose had an inhibitory effect on the uptake of galactose 
and the formation of "galactozymase" by yeast. Stephenson and Yudkin 
( 1 2 3 ) , in 1 9 3 6 7 confirmed the observation of Dienert (122). Following 
these investigations, Monod ( 1 2 U ) , in 19*FL, discovered this phenomenon 
with bacteria growing in medium containing certain mixtures of two 
carbohydrates and where the organic source was growth limiting. Growth 
was characterized by a double growth cycle (croissance double) or a di­
auxie and was suggestive of attague differentielle of one carbohydrate 
initially from the mixture. Recognizing the distant similarity of the 
phenomenon of diauxie with the Pasteur effect, according to which pyru­
vate and lactate production by glycolysis is forsaken by facultative or­
ganisms in preference to a more rapid growth in an aerobic environment 
clue to inhibition by oxygen of some key enzymes for pyruvate formation, 
Monod ( 3 8 ) suggested that preferential utilization is attributable to 
an inhibitory effect of one of the carbohydrates of the mixture on the 
formation of the enzymes necessary for attacking the other. from an 
analysis of the results of Karstrom ( 1 2 5 ) , and following his hypothesis 
( 1 2 5,126) that microbial assimilation of certain compounds requires the 
formation of some adaptlve enzymes, Monod ( 7 ) classified his test carbo­
hydrates into two classes as follows: 
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Class A - glucose, fructose, mannose, mannitol, 
(preferred substrates) and saccharose 
Class B - galactose, arabinose, xylose, rhamnose, 
(spared substrates) Sorbitol, dulcitol, inositol, maltose, 
and lactose 
Karstro'm's data had indicated that, in contrast to Class A carbohydrates, 
degradation of Class B carbohydrates proceded only when the cells were 
previously "trained" in the carbohydrate which was to be utilized later. 
Accordingly, it was concluded that Class B carbohydrates require the 
formation of inducible or adaptive enzymes In the presence of the par­
ticular carbohydrate in question before degradation can occur. On the 
other hand, no induction was necessary for breakdown of Class A carbohy­
drates because the enzymes Involved were constitutive as opposed to being 
acapfive, and. as such these enzymes are always present. Monod's data ( f ) 
further revealed that 
a) any of Class A carbohydrates + glucose + B. subtills ~* no 
diauxie; 
b) any of Class B sugar + glucose + B. subtilis -* diauxie; and 
e) Class B sugar + Class B sugar + B. subtilis no diauxie. 
from the above type of analysis, Monod ( 7 , 3 4 , 3 8 ) concluded that diauxie 
or duphasic growth and substrate utilization are caused by inhibition 
of induction of the adaptive enzymes or suppression of the adaptive en­
zymes necessary for breakdown of Class B carbohydrates in the presence 
of glucose or any other Class A carbohydrate. If is to be noted, how­
ever, that the above classification of carbohydrates applies only to the 
species B. subtilis and E. coli. Some compounds may have to be classified 
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as Class A or Class B according to the microbial strain under test. 
Whereas prior training in Class B does not suppress diauxie when exposed 
to both A and B, absence of training accelerated the diauxie ( 7 , 3 * + ) -
The length of the diauxie lag phase intervening between the two consecu­
tive exponential phases is a function of the ratio of Compound A and 
Compound B; the maximum lag period occurring when the ratio of concen­
tration of A to concentration of B equals unity (3*0- Tine length of the 
pause Is dependent on the nature of the Carbohydrate B. Thus Monod ( 7 ) 
observed a long pause for the glucose-dulcitol system and a short pause 
for the glucose-galactose system. The length of the pause gradually de­
creased with the increase in concentration of the Class B compound. 
The above discussion should not be construed to mean that the 
phenomenon of phasic growth Is restricted only to double growth cycles, 
for triauxic growth or triauxie has also been observed by Monod (3*+) on 
a medium with glucose, sorbitol, and glycerol (see Figure 3B). 
Glucose Effect. Observations of the role of glucose in suppress­
ing the microbial assimilation of carbohydrates and other organic com­
pounds have been, so numerous ( 2 6 , 8 8 , 1 2 7 - 1 3 8 ) that diauxie growth and 
metabolism have often been explained away as the "glucose effect" which 
is actually a symptom rather than the cause of diauxie. This type of 
crude explanation is untenable since reports exist where glucose yields 
its familiar antagonistic role to organic acids of the tricarbxylic 
cycle ( 1 3 9 , 1 ^ 0 ) . The glucose-effect is not evidenced in organisms which 
have lost the capacity to synthesize the inducible enzymes of the Pentose-
Phosphate Cycle (or the Warburg-Dickens-Horecker pathway)(see Figure h) 
( 1 ^ 0 - 1 ^ 2 ) . 
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I - EMBDEN - MEYERHOF-PARNAS PATHWAY 
Z - ENTNER-DUDOROFF PATHWAY 
3 - P E N T O S E PHOSPHATE SHUNT (WARBURG-DICKENS -
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FIGURE 4. INTERRELATIONSHIPS B E T W E E N MICROBIAL METABOLISM OF SUGARS, 
SUGAR ALCOHOLS AND AMINO ACIDS WHICH MAY POTENTIALLY GIVE 
RISE TO PHASIC GROWTH IN APPROPRIATE COMBINATIONS. 
(COMPILED FROM REFERENCES 30,32, 164, 271 8. 300-302} 
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It appears that the presence of glucose is not a necessary condi­
tion for diauxie to occur. Furthermore, the inhibited enzymes are not 
always inducible in nature, for Magasanik ( 2 6 ) has shown that a number 
of enzymes, e.g., penicillinase, nitrate reductase, titrathionate re­
ductase, most amino acid decarboxylases, etc., all known to be inducible, 
are formed in the presence of git.cose. Whether inducibility is a neces­
sary condition or not, it is apparent that this characteristic of the 
enzymes proved to be a popular criterion for explaining the occurrence 
of diauxie until answers were sought to the questions as to why certain 
enzymes should be inducible a: ail wherea.s others are constitutive; why 
the same enzymes appear to be constitutive in one species and inducible 
in another (e.g., the galactose enzymes, though generally adaptive, are 
found to be constitutive or semi-constitutIve in certain strains of _E. 
coli ( 3 * + ) ) ; and why constitutive enzymes have to be always present ir­
respective of the nature of the substrate. Whereas these questions have 
not been completely settled, the intriguing phenomenon of diauxie and 
the accompanying substrate-enzyme interactions have been the subject of 
intensive research which has unraveled the role of the environment, evo­
lution, and heredity in causing the phenomenon. 
Evolutionary Development of Microbial Response Mechanisms 
to Environment 
In the face of competition and changing environment, microbes 
have developed certain physiological tricks for survival by rapid multi­
plication. Confronted with continual change of environment, the heredi­
tary characteristics and the enzymatic activities of microbes have been 
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adjusted to permit maximum efficiency of nutrient assimilation and energy 
production for syntheses. This situation exists as a result of evolution 
and the guiding principle of metabolism in a given environment is the 
achievement of the maximum possible growth rate ( l 4 3 ) • Development of 
a large population by virtue of short generation time and the great 
power cf dormancy and speculation after disappearance of the favorable 
micru-environment almost guarantees survival ( 1 4 4 ) . The type of" physio­
logical adjustment would depend on the duration and physico-chemical 
nature of environmental variation to which the species is subjected. 
It has been asserted that environment controls the morphology, content 
of cellular reserves (e.g., capsular materials, polysaccharides, volutin, 
and lipid inclusions )(l45), transfer of genetic material by transfor­
mation, transduction, and conjugation (l46), initiation of sporulation. 
en d germination ( l 4 y ) , genetic control of metabolic functions (25 , 1 4 3 ) , 
and the enzymic make-up of a cell (l44). In the presence of persistent 
adverse conditions, the microorganisms become increasingly tolerant to 
toxic substances and may even finally decrease their generation time by-
undergoing induced mutations. 
In the process of proliferation, the cells decrease the intra­
cellular entropy by increasing the entropy of the environment so much so 
that the system comes to an equilibrium and becomes dead, ho further ex­
change of mass and. energy can take place between the cell and. the sur­
rounding environment and the micro-environment of the cell becomes un­
suitable for growth. Studies of environmental effects on nutrition have 
often furnished guidelines for provision, of optimum environment and fer­
mentation and cell yields have increased. 1 0 0 fold in some cases. Such 
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studies provide means for engineering manipulation of envlronmental 
factors for the purpose of obtaining the desired type of metabolism and 
maintaining it at the desired level. 
Adaptation and Induction 
In the literature, adaptation and induction have been used synony­
mously by some authors notwithstanding the subtle difference in the con­
notations of the two terminologies. Adaptation refers to the internal 
adjustments taking place within an organism to make it better suited for 
growth and reproduction in a changed environment (1^-8). The term applies 
to individual organisms or a taxonomically homogeneous or heterogeneous 
population of organisms. Stanier (lUU) has defined evolutionary adapta­
tion to constitute moulding of the genotype of an organism through evo­
lutionary history by selection and mutation to fit the mean conditions 
of long-term, unidirectional and systematic environmental variation. On 
the other hand, physiological adaptation comes into play when the en­
vironmental variations fluctuate randomly and occur constantly over 
periods that are short on comparison to the life span of the Individual 
organism. This latter type of adaptation, which is important in the 
interpretation of diauxie, involves direct phenomic accommodation to the 
change against the background of an existing genome (1*1*0 » In other 
words, physiological adaptation, which has come to be known as adaptation 
Genome refers to a set of enromosomes derived from a zygote or 
gamete. Genotype refers to the genetic constitution of an individual 
or to a group of individuals possessing the same genetic constitution. 
On the other hand, phenotype refers to the character of an organism ex­
pressed in response to the environment. Phenotype may also refer to a 
genotype exhibiting the same phenotypic characters. 
5 8 
or enzymic adaptation, involves no change at the nuclear (genetic) level 
but involves the activation of gene-controlled enzymatic processes (2c, 
ikk) which were inoperative under previous environmental conditions. 
It is due to this type of adaptation that the organism has the potential 
ability to respond rapidly to environmental fluctuations of short dura­
tions. A different type of physiological adaption in response to long-
term cyclic environmental changes and involving alternate selection of 
genotypes (ihh) is not of much importance as far as causation of diauxie 
phenomena is concerned. 
Enzymic adaptation simply refers to phenotypic change in enzymic 
constitution of the organism by dint of de novo synthesis of enzymes in 
response to a changed environment but unaccompanied by a change in the 
genotype ( 1 ^ 9 - 1 5 1 ) • When the change involves enzyme formation (increase 
in substrate-specific activity and apoenzyme (protein) content ( 3 ^ ) ) in 
the presence of a new nutrient or substrate, the phenomenon is referred 
to as a process of induction. Thus induction is a mode of physiologic 
adaptation in the event of a change in the nutrient composition of the 
environment and is associated with nutrient-induced enzyme formation. 
Adaptability, or the potential capacity to perform the adaptive synthesis 
of a required enzyme, is clearly defined by the genotype ( 1 ^ 9 - 1 5 1 ) • 
The fundamental characteristics of the induction effect, as have 
been established by the work of Monod and co-workers ( 2 5 , 3 ^ , 1 5 0 , 1 5 2 ) 
with the lactose system of E. Coli and which are now generally accepted, 
are as follows: 
1 . Formation of most enzymes attacking exogenous substrates is 
specifically increased in the presence of specific substrates and no 
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appreciable enzyme synthesis occurs in the absence of the specific sub­
strate. A low residual level of some enzymes may however be maintained 
even in the absence of the specific substrate for "subsidiary" pur­
poses (52) . 
2 . Adaptive enzymes are completely speciffc in activity toward 
the inducing agent. 
3 . According to the generalized induction hypothesis and the 
internal induction model of Monod, formation of all enzymes has to be 
stimulated by an inducer. The induction of the so called contitutive 
enzymes is "masked" due to the fact that they are induced by internal 
induction, the internal inducer being an intermediate in the metabolism 
of other substances not detected in the growth medium. Pollock ( 1 5 3 ) 
has also proposed a similar model. This concept of internal induction 
has received experimental support ( 1 5 2 , 1 5 3 ) and it is believed that 
enzymes involved in the biosyntheses of essential metabolites like 
amino acids, coenzymes, etc., must generally behave constitutively ( 1 5 2 ) . 
It has been established by various investigators ( 2 5 , 3 * + , 1 5 3 a ) 
that the protein fraction of adaptive enzymes is synthesized de novo 
from amino acids or other rudimentary building blocks and does not de­
rive any significant fraction of its sulfur (15*0 o r carbon ( 1 5 5 ) from 
any preexisting protein. These observations therefore rule out the pos­
sibility of activation of any existing enzyme, or formation from the 
breakdown products of existing protein molecules, to yield the adaptive 
enzymes during induction. The increased yield of the new enzyme, amount­
ing to 1 0 0 0 to 1 0 , 0 0 0 fold in terms of units per mg dry weight of cells 
( 2 5 ) , results from the assimilation of the inducer substrate. The syn-
6o 
thesis of enzyme-protein requires chemical energy derived from oxidation 
of substrate or polysaccharide reserve (156), and de novo synthesis re­
quires the participation of a functional and utilizable energy generating 
mechanism (157)• Thus, adaptation does not occur when washed cells are 
transferred to a nitrogen-free medium containing the inducer substrate 
(126) te.ausc protein synthesis cannot occur without a nitrogen source 
being present. Further proofs of de novo synthesis of new enzymes and 
the associated energy requirement come from experiments in which induc­
tion did not occur in a "complete" medium in the presence of DHP (2-4-
linitrophenol)(156-158), arsenate (159), or azide (159,160), all of 
which prevent the utilization of energy generated by substrate met ah: _ 
11sm and thus inhibit synthetic abilities. 
Very often the presence of an inducer induces formation not of a 
single but of several enzymes sequentially involved in its metabolism 
A . rdingly, Stanier ( l6 l ) and. Pardee (143) have postulated that a sub-
strafe may induce an enzyme and is converted by it to a metabolite which 
in turn induces a second enzyme. The latter enzyme changes the metabo­
lite into another compound which in turn induces the next enzyme in the 
sequence ana so on until a whole series cf enzymes in tandem are induced 
and an entire pathway may come into existence. 
Considerable information has been accumulated on the kinetics of 
enzyme formation. After reviewing the data of various investigators 
including his own, Monod (34) concluded that enzyme formation follows 
an autocatalytic function of the form 
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where X^ = concentration of induced enzyme at time 6 
g 
Xq = concentration of inducer substrate at time 6 
In a later review by Jacob and Monod ( 2 5 ) it was concluded ". . . that 
enzyme activity increases at a rate proportional to the increase in 
total protein in the culture . . .," and that activation and deactiva­
tion of the induction follow very rapidly upon the addition or removal 
of the activator. Knox ( 1 6 2 ) has shown that induction might be sup­
pressed at high temperatures and stimulated at low temperatures. 
It is apparent therefore that, in the growth phases before the 
onset of the exponential growth, the cells adjust to the new environment 
by initiating the process of induction and gradually producing the en­
zymes necessary for metabolism of the available nutrients. It should 
also be noted that the permease systems are induced only in the presence 
of specific substrates in a manner completely similar to induction of 
metabolic enzymes ( 1 2 , 2 5 , 3 ^ , 1 ^ 0 , 1 4 - 3 ) . 
Economical Operation of Cellular Processes and Diauxie 
Phenomena 
It has been asserted by Pardee ( 1 * 1 3 ) , Davis ( 3 1 ) , and Magasanik 
( 1 6 3 ) that, in the interest of survival by rapid growth, a cell tries 
to select the most economical metabolic route for synthesizing each con­
stituent of the protoplasm under a given environment with the least in­
vestment of enzymes and use of the enzyme making machinery. The energy 
saved can be channeled to rapid production of cell constituents. This 
mode of action on the part of a microbial cell has come about as a re­
sult of evolutionary adaptation. 
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The glucose effect or the inhibitory effect of glucose has been 
explained by the fact that degradation of glucose can be accomplished by 
at least three routes ( 164)(see Figure h) yielding a wide variety of 
metabolites which can also be produced from other organics such as galac­
tose, lactose, maltose, glycerol, inositol, etc. More importantly, be­
cause of the existence of alternate degradative pathways and the capability 
of organisms for simultaneous use of all of the pathways ( 3 2 ) , glucose 
is generally more rapidly utilized than other carbon sources ( 1 6 3 ) . It 
has been stated by Magasanik ( 1 6 3 ) that the intermediary metabolites are 
formed from glucose in a normal cell at a rate more than sufficient to 
saturate the capacity of the cell to convert them to the immediate pre­
cursors of proteins, fats, glycogen, and nucleic acids. Thus, a cell 
provided with glucose and an alternate carbon source would obtain the 
various metabolites by degradation of glucose alone as long as these pre­
cursors can be supplied at the rate of their utilization via other path­
ways. The manufacture of enzyme proteins for catabolism of the alternate 
carbon sources would only mean avoidable expenditure of energy and im­
position of additional burden on the protein making machinery. The 
preservation of the alternate (optional or secondary) carbon source lias 
the additional advantage in that this source can be utilized at a later 
stage of growth when the supply of glucose falls to a level that can no 
longer furnish precursors at rates commensurate with the demand exerted 
by the synthetic pathways. While the kinetics of production of various 
key metabolites from glucose and other carbon sources have not been com­
pared on the basis of theoretical analysis (such analysis being difficult 
because of the unavailability of sufficient data on the thermodynamics 
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and rate constants of individual enzymatic steps), comparison of speci­
fic growth rates on glucose and the alternate substrates as sole carbon 
sources indicates that it is kinetically advantageous to obtain the pre­
cursor metabolites from glucose. 
The above concept is well accepted and is useful in explaining 
most of the diauxie effects whether glucose is involved or not. The 
diauxie effects with glucose and other sugars or sugar alcohols are 
easily explained by the fact that the degradative paths of all inhibited 
sugars contain inducible enzymes and join the catabolic pathway for glu­
cose. However, there exist some anomalous reports regarding the role of 
glucose as the preferred substrate. Hamilton and Dawes ( 1 3 9 ) have re­
ported that, in media containing glucose and the organic acids of the 
Krebs cycle, P. aeruginosa utilized the acids in preference to glucose. 
This is to be expected since, when the intermediates of the glucose cata­
bolism are directly available, it is economical for the cell to use them 
directly from the media. Moreover, it was shown that enzymes for glu­
cose breakdown by the Etner-Doudoroff pathway were inducible in P. aeru­
ginosa (l4o). It is therefore not surprising that the cell would profit 
by not synthesizing the inducible enzymes whose end products are supplied 
in the medium. 
In contrast to the observation of Hamilton and Dawes ( 1 3 9 , 1 ^ 0 ) , 
Ravin ( 1 2 9 , 1 3 0 ) observed preferential utilization of glucose by A. aero-
genes during growth in a medium containing glucose and citric or acetic 
or succinic acid. In this system, the acids are relegated to the role 
of secondary substrates because A. aerogenes possesses the constitutive 
series of enzymes of the Embden-Meyerhof-Parnas pathway ( 1 6 3 ) In addition 
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to the Entner-Dudoroff system of inducible enzymes, whereas the acids 
serving as exogenous substrates have inducible permeases ( 1 6 5 ) . It 
becomes more economical for the cell to postpone the manufacture of 
the inducible permeases and to obtain the acids by breakdown through a 
constitutive as well as the additional Inducible system of glucose en­
zymes . The apparently contradictory results of Hamilton and Dawes and 
Ravin point to the importance of considering the physiology of the or­
ganism in interpreting or predicting diauxie effects. Prediction of 
diauxie from consideration of the nutrient composition alone may prove 
to be disappointing in some cases. 
Mechanisms of Controlled Enzyme Synthesis 
A question which arises at this point is that of cellular differ­
entiations during diauxie between the different carbon sources and turn­
ing on the appropriate enzyme synthesizing system to produce more enzymes 
for the preferred substrates, while preventing the formation of other 
enzymes at the same time. A number of hypotheses have been advanced in 
clarification of the phenomenon of cellular differentiation of alternate 
substrates. Magasanik ( 1 6 3 ) has critically reviewed the limitations of 
these various hypotheses„ 
In reporting the discovery of diauxie, Monod (7) had postulated 
that the phenomenon arose because of the inhibition of induction of the 
inducible enzymes of the alternate substrate. Since then, much progress 
has been made in elucidating the mechanism responsible for initiation of 
enzyme production upon stimulation by an Inducer and halting enzyme syn­
thesis when the substrate is absent or is removed from the environment. 
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An understanding of the mechanism of such controlled production of 
enzymes was expected to provide clues to the understanding of the mech­
anism of inhibition of the process of enzyme formation which causes 
suppression of uptakes of alternate substrates and diauxie. 
The present theory concerning induced biosynthesis of enzymes 
is due to the brilliant work of Jacob and Monod ( 2 5 , l 6 6 ) which won them 
the Nobel Prize in Medicine in 1 9 6 5 ( l 6 y ) - The Jacob-Monod Operon Model 
of controlled induction may be described as follows. The molecular 
structure of proteins is determined by the structural genes (z_ gene) of 
the chromosome which act by forming a cytoplasmic transcript of them­
selves in the mRNA (messenger or template KNA) which in turn participates 
in protein synthesis on the ribosome. The structural gene controls the 
structure of proteins by dictating the sequence of amino acids in the 
protein according to its code of bases transcribed on to the mPJJA. The 
synthesis of the mPJiA, which in turn is involved in the synthesis of 
the apoenzyme, is initiated at a certain point or operator site, o 
(see Figure 5 ) - The control of the expression of the structural gene 
is effected by a repressor molecule, synthesized by a regulator gene 
(i gene), which tends to combine specifically and reversibly with the 
DTLA strand by virtue of the latter' s steric structure at the operator 
site, o_. The combination blocks the initiation of transcription and, 
therefore, formation of the irJTKA by the i genes which may form part of 
a system of controlled structural genes constituting an operon. In the 
presence of the inducer (also called effector), the operator-repressor 
complex is destroyed by the inducer molecule, thus allowing activation 
of the operon, i.e., initiation of formation of mPJJA at the promoter 
REGULATORY GENES 
REGULATORY OPERATOR PROMOTER 
LAC OPERON 
GENE. i , V 
I L I 
for 
/J-GALACTOSIDASE 












$- GAL ACTOSIDASE 
LACTOSE 
PERMEASE TRANSACETYLASE APOENZYME 
LEGEND: 
LAC OPERON - COMPRISED OF GENES FOR CONTROLLING THE SYNTHESIS OF APOENZYMES 
" i " - REGULATOR GENE 
V - OPERATOR (SITE OF INITIATION OF SYNTHESIS OF mRNA> 
"p" - PROMOTER SITE 
" z " - STRUCTURAL GENES FOR /?-GAL ACTOSIDASE 
" y " - STRUCTURAL GENE FOR LACTOSE PERMEASE SYNTHESIS 
"a" - STRUCTURAL GENES FOR TRANACETYLASE SYNTHESIS 
FIGURE 5 . MECHANISMS OF C O N T R O L L E D SYNTHESIS OF E N Z Y M E S . (Example: Mechanisms 
of control of Expression of the lac operon). 
6 7 
site, p. The mETTAs carrying the codons for apoenzyme formation are un­
stable and are destroyed in the process of information transfer. The 
rate of enzyme synthesis is therefore controlled by the rate of mPJTA 
synthesis. 
In reviewing the alternate models ( 1 6 8 - 1 7 2 ) for regulatory sys­
tems, Beckwith ( 1 7 3,174; has concluded that the Jacob-Monod model is 
the simplest and in none of the systems reported on induction is there 
yet any strong evidence against the operon model. However, the repres­
sor molecule, thought to be a RNA molecule by Jacob and Monod, was shown 
to be a protein molecule (T73j> 1 7 5 . ? 1 7 6 ) . The validity of the above ver­
sion of the Operon Model has been proven by the work of several authors 
( 1 7 5 , 1 7 7 , 1 7 8 ) . 
The essence of the above model is that the control is negative 
in nature, i.e., the expressions of the genes are repressed by rule and 
can only be derepressed in the presence of the effector ( 1 7 4 ) which may 
also be the inducer or a catabolite of the inducer. As far as enzyme 
formation is concerned, the presence of the inducer has the effect of 
positive feedback ( 3 1 ) which involves derepression of the structural 
genes and continued production of the enzymes; however, the quantity of 
enzyme formed would be increased indefinitely regardless of the need as 
the concentration of inducer is increased. As this conclusion is in 
contradiction to the actual experiences with enzyme synthesis, there 
must exist other mechanisms for controlling over-production and possible 
wasteful excretion of the enzymes. The repression effect, which explains 
the mechanism of control of over-production, also elucidates the mechan­
ism of inhibition of formation and/or activity of the inducible enzymes 
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of the secondary substrate during diauxie growth. 
Cafabo1ite fepression 
iJeidhardt and Magasanik (179,1 8 0 ) have proposed the mechanism of 
catabolite repression as a mechanism for checking, over-production of any 
inducible enzyme.. According to this model, the rate of synthesis of a 
catabolic enzyme will depend on the presence of its specific inducer as 
well as on the level of the catabolites produced by any catabolic series 
of enzymes, In catabolism, sitnotions are often encountered where dif­
ferent pathways lead to the some restricted group of catabolites as thei: 
ultimate end products. According to Magasanik ( 1 6 . 3 : ) , these catabolites 
are capable of repressing not only trie enzymes of the pathway by which 
they are formed, but also the enzymes of any catabolic pathway that is 
potentially capable of producing them. Increased production of catabo­
lites due to high concentration of substrates leads to the accumulation 
of catabolites and increased repression of the formation of enzymes re­
sponsible for production of the catabolites themselves. This negative 
feedback control mechanism, coupled, with the positive feedback, sets 
the steady stare level of the enzymes in the cell despite variable 
levels of substrate in the environment ( 3 1 , 1 6 3 ) . It is rather difficult 
to locate the catabolite responsible for the repression. Ames and Mar­
x­
ian ( l 8 l ) hove Suggested that, for any particular system, the repressor 
catabolite Is probably that breakdown product of glucose which is also 
_ 
The term repressor was used by ,Jacob and Monod (25f to designate 
the 1 gene product which combines with the operator* The repressor of 
catabolite repression on trie other hand is an intermediary product of 
the catabolic pathway and plays a role In repression of enzyme formation 
by negative feedback. To avoid confusion, Davis ( 3 1 ) proposed the name 
apo-repressor for the i gene product of the Jacob-Monod model-
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the immediate end product of the reaction catalyzed by the inducible 
enzyme. The experiments of heidherdf and Magasanik ( 1 3 8 ) indicated that 
different catabolites are responsible for repressing different catabolic 
enzymes. McFall and Mandelstam ( 1 8 2 ) suggested that the repressor mole­
cule is in all probability the immediate end product of the enzyme reac­
tion producing the same or some closely related substance. From an 
analysis of the work of Gorini ( 1 8 3 ) , David ( 3 1 ) reached the conclusion, 
now regarded as valid, that repression takes effect only after some level 
of catabolite is reached; therefore, this mechanism is coarse in response 
and control of enzyme production. 
Nakada and Magasanik ( l 8 t ) indicated that the repressor-catabolite 
somehow prevents transcription of the structural genes of the inducible 
enzyme. McFall and Mandelstam ( 1 8 2 ) theorized that the catabolite repres­
sor is a separate control factor acting at some point of the DNA which 
does not involve the controlling genes or the structural genes of the 
Jacob-Monod model. In a more recent exposition, hoomis and Magasanik 
( 1 8 5 ) have discovered a new CR gene, analogous to the regulator or 1 gene 
of induction, which has been postulated to control the synthesis of a 
macromolecular repressor involved in the control of the structural 
operons (z_ genes). The repressor (not to be confused with the 1 gene 
repressor) is stereospecific towards the catabolite and to the appro­
priate portion of the operon analogous to the operator site in the Jacob-
Monod model. It is interesting to note that hoomis and Magasanik ( 1 8 5 ) 
concluded that the i gene product and the CR gene product do not appear 
to block the z gene transcription at the same operator site, a conclusion 
reached earlier by McFall and Mandelstam ( 1 8 2 ) . 
TO 
End-Product Repression 
End-product repression is analogous to catabolite repress io?a and 
is another method of negative feedback control, but operational only on 
biosynthetic enzymes ( 3 1 , 1 8 2 , 1 8 6 , 1 7 9 ) « The repression is brought about 
by the accumulation or the presence of the end product, defined as the 
last molecule in a biosynthetic pathway before incorporation into a 
macromolecule ( 3 1 ) ? which affects only the enzymes responsible for its 
own biosynthesis. 
Retro-inhibition or feedback Inhibition 
The term first coined by Novick and Szilard ( 1 9 8 ) involves the 
inhibition by a catabolite or end product of the activities of existing 
enzymes whose functioning do not contribute to the economical operation 
of the cellular processes. Although this mechanism involves negative 
feedback, it should not be confused with repression which inhibits the 
synthesis of the enzymes ( 2 5 , 2 6 , 3 1 ? 1 ^ 3 , 1 9 3 ) • I t is believed that the 
cell can rapidly Inactivate the existing enzymes in the event that these 
enzymes are not needed due to the possible operation of a more economi­
cal enzyme sequence ( 3 l ) « While repression provides a coarse control 
for enzyme repression, retro-inhibition endows the cell with an instan­
taneous or fine control of enzymatic activity (3 1 )• Ample evidences 
have been accumulated ( 2 6 , 3 1 , 1 ^ 3 , 1 9 9 ? 2 0 0 , 2 0 2 ) to show that frequently, 
if not as a rule, the catabolite or the end product competitively in­
hibits the enzyme responsible for its own formation, and inhibition 
follows the well established kinetic law of competitive inhibition ( 2 7 , 
2 9 , 2 0 3 ) . 
Figure 6 presents a schematic representation of the means of 
FIGURE 6. SCHEMATIC REPRESENTATION SHOWING CONTROL OF SYNTHESIS AND/OR ACTIVITIES 
OF T H E ANABOLIC AND T H E CATABOLIC ENZYMES BY INDUCTION, END PRODUCT R E ­
PRESSION, CATABOLITE REPRESSION AND FEEDBACK INHIBITION. 
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controls of synthesis and/or activities of anabolic and catabolic en­
zymes by end product repression, catabolite repression, ana feedback 
inhibitiona 
Role of Regulatory Mechanisms in Controlled 
Uptake of Competing Substrates 
The above mechanisms constituting parts of the total regulatory 
mechanism of the cell for controlled production of enzyme or any form of 
protein have been developed as a result of evolution and in the interest 
of maximum growth by deploying a minimum number of efficient enzymes« 
The positive and negative feedback are independent control mechanisms 
( 1 8 2 ) . They are activated by different regulators (20h) which may be 
the substrate or a structurally related compound ( 2 6 ) acting as inducer 
for the activation of enzyme syntheses by positive feedback or a catabo­
lite or end product activating the repression mechanism to control its 
own concentration level as well as the activities of the enzyme produc­
ing it. Due to the coexistence and the expression of potential capa­
bility of any of the mechanism,s or any combination of them (26. ,3.X*1^3; 
1 8 2 ) , enzymes will not be produced unless the inducer is present; and 
even when the inducer is present, production of enzyme is controlled by 
the level of intermediary metabolites or end products. Any undue in­
crease in the flow rate of a metabolic process due to induction is pre­
vented first by inactivation of the enzymes (fine control) by inhibition, 
and finally by turning off production of the enzymes when the metabolite 
levels have attained a certain level. Figure 7 shows the various types 
of feedback mechanisms and their functions. Detailed discussions on 
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regulatory mechanisms may be found in some of the excellent reviews on 
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Figure 7 . Classification of Feedback Mechanisms for 
Controlled Enzyme Formation 
Although a few cases are known ( l 4 3 , 2 0 8 ) where genetic selection 
of cells has given rise to the diauxie phenomenon, by far the majority 
of the cases can be explained by mechanisms akin to physiological adap­
tation. As Monod ( 3 4 ) has asserted, diauxie is not due to a differential 
rate of physical diffusion of nutrients since there is no reason for 
molecules of nearly identical size and chemical properties (e.g., glu­
cose and galactose) to Iiffuse at different rates, Diauxie can occur 
in solid ( 2 0 9 ) or liquid media. It is not restricted to aerobic 
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environment, since the data cf Ohynoweth, et a h ( 8 8 ) Indicated (though 
not real ized by these authors) preferential uptake of glucose by a hetero­
geneous population of anaerobes. The phenomenon arises due to competi­
t ion between several carbon and energy sources, leading to severe Inter­
action between the enzyme forming systems which tend to be activated by 
thei r respective substrates. Despite the face that a c e l l i s capable 
of manufacturing a l l of the inducible enzymes for different inducers, 
only the ones capable of aiding most rapid growth are formed while the 
formation of others i s controlled by feedback repression mechanisms. 
That repression involves inhibit ion of formation and not a c t i v i t y of 
enzymes, as has been shown conclusively by some investigators ( 1 8 7 , 1 9 6 ) -
When a c e l l population has beer gr..'wn m a secondary substrate (Monod*s 
Class B type) , inducible enzymes are already existent in the ce l l s and, 
upon transfer into a medium containing a mixture of Class A and Class B 
compounds, both feedback repression and feedback inhibit ion would take 
e f fec t . The former mechanism would completely block further syntheses 
of inducible enzymes of Class B inducer, while the l a t t e r mechanism 
would inactivate the exis t ing enzymes of the organisms of the inoculum, 
"iowever, an Important difference in the l as t ease is that growth in the 
first cycle would be par t ly attributable to inhibited assimilation of 
the secondary substrate. 
An aspect of diauxie growth which i s often overlooked i s that the 
permease system i s subject to a l l the mechanisms of control of the meta­
bol ic enzymes due to i t s Inducible nature ( 2 6 , 3 1 * 1 3 3 , 1 3 8 , 1 ^ 3 , 1 9 9 * 2 0 0 ) > 
and diauxie growth has als.. resulted due to feedback type repression 
and/or inhibit ion of permeases by undefined metabolites ( 1 3 8 , 1 9 9 , 2 0 0 ) . 
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Information on the kinetics of derepression and induction of 
inducible enzymes during the diauxie lag, which is akin to the lag In 
single cycle growth, is very scarce. The rate of enzyme synthesis dur­
ing diauxie lag does not follow the "auto-catalytic" law suggested for 
simple lag by Monod ( 2 5 ) • Induction of the repressed enzymes during 
the diauxie lag is characterized by an initial explosive burst of pre­
ferential synthesis of these enzymes followed by a sharp decline of the 
concentration of enzymes per cell which then remain fairly constant ( 3 1 , 
1 8 3 ) • It has been suggested that, during the diauxie lag, the enzymic 
adaptation and preferential enzyme synthesis may occur in the absence of 
demonstrable growth of the bacterial cell due to marked impairment in 
total protein synthesis (31 , 1 6 2 ) . All available amino acids may be di­
verted to apoenzyme syntheses and building blocks for other proteins 
may not be so available ( 3 1 ) « 
Diauxie in Heterogeneous Culture 
It is believed that diauxie metabolism and growth in heterogeneous 
culture was first shown by Hulcher, et al. (2Il) with soil bacteria which 
utilized amino acids as carbon sources in preference to cellulose from 
a complex synthetic medium„ Gaudy and his co-workers (211-214) have 
reported extensively on preferential utilization of glucose by hetero­
geneous population. These anchors concluded that glucose was able to 
repress the synthesis of the inducible enzymes of the secondary substrates 
(sorbitol, mellibiose, and lactose). In the case of sorbitol grown cells, 
some sorbitol utilization at a reduced rate was evident during the first 
phase of growth; it was concluded that feedback inhibition of the sorbitol 
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sr_zym.es by a glucose cataboli te was the causative factor (212). However, 
in another report these investigators presented results showing no uptake 
of sorbi tol from glucose-sorbitol mixture by "young" sorbi tol grown ce l l s 
which would be expected to p.. ssess sorbi tol metabolizing enzyme (231)-
In the l a t t e r case, inhibited uptake of sorbi tol in the f i r s t phase in­
stead of complete repression would be anticipated. The absence of feed­
back inhibit ion was attributed to "shock loading" of young ce l l s (231)• 
On the other hand.-, "old' (by virtue of se r i a l suboulturing for 21 days) 
Si rbi tol grown c e l l s showed no diauxie when fed with a mixture of glucose 
and sorbi to l . The explanation offered was that an undefined fraction of 
the ce l l s lost the "suppression mechanism" and cons t i tu t iv i ty of the 
glucose enzymesO In l igh t of the preceding discussions on regulatory 
mechanisms, i t i s evident that the "suppression mechanism" would be 
either cataboli te repression or feedback inhibi t ion; both mechanisms are 
activated by a cataboli te occurring after the point of convergence of 
the catabolic pathways of glucose and sorbi tol (see Figure h). Since 
the "old c e l l s " used both glucose and sorbi to l , the key cataboli te capable 
oi act ivating any of the suppress In:, mechanisms must have been present. 
Under the circumstances, i t i s not understood how the suppression mechan­
ism could have been "lost" by the c e l l s . Also, the mere fact that glu­
cose is metabolized from the beginning suggests that const i tu t iv i ty of 
the glucose enzymes was n. t los t as claimed by these authors. If the 
authors implied the occurrence of spontaneous mutation, i t i s hard to 
explain how only a segment of the population underwent mutation for sor­
b i to l uptake while the other segment did not under ident ical environmental 
conditions. Furthermore, the studies with "young" and "old" cultures (231) 
7 7 
yielded results which were in variance with the results of the earlier 
studies ( 2 1 1 , 2 1 2 ) hy these same investigators. It should be pointed out 
that sorbitol-glucose is a poor combination for diauxie since both com­
pounds have nearly the same maximum specific growth rate and, at mixtures 
containing high concentrations of these substrates, the cell does not 
gain by discriminating between the two substrates. Whether diauxie 
would occur or not with such combinations of substrates would be deter­
mined by the past history of the cells, the ratio of the concentration 
of the two substrates, and other factors remaining to be identified. 
Indeed, Gaudy and his associates did not observe in most of their experi­
ments any pronounced diauxie lag In the curves of oxygen uptake, total 
substrate COD, or bacterial growth. 
In an "attempt to confirm the relevance of Gaudy's findings," 
Stumm-Zolllnger ( 2 1 5 - 2 1 8 ) conducted experiments which showed that galac­
tose grown cells assimilated galactose during the first phase of growth 
at a reduced rate whereas glucose grown cells failed to degrade any 
galactose during preferential utilization of glucose. In light of the 
previous discussion on the regulatory mechanisms in this chapter, it is 
not difficult to explain these observations. Upon transfer of galactose 
grown cells to glucose-galactose media, the cells would not produce any 
galactose enzymes since they can achieve higher growth rates through 
utilization of glucose, the glucose catabolites plausibly prevent tran­
scription of the galactose operon by inactivating it through the CR gene 
product. Induction of the galactose enzymes cannot occur as long as the 
level of the catabolite repressor does not fall below a certain level. 
However, as the cells already possess the galactose enzymes by virtue 
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of being cultured in this substrate, some galactose utilization is bound 
to occur (as shown by Stumm's data), but the glucose catabolite would 
inhibit these enzymes and the kinetics of galactose uptake would be in­
hibited according to the level of the catabolite-inhibitor. On the other 
hand, when glucose grown cells, devoid of galactose enzymes, are presented 
with glucose and galactose, repression of galactose enzyme formation by 
glucose catabolites would take effect from the beginning and no galac­
tose assimilation would be expected. Thus, regardless of the past history 
of the cells, catabolite repression would be operative as long as growth 
on glucose alone is compatible with the most rapid growth achievable 
and derepression and induction of galactose enzymes would begin only 
after the level of glucose catabolites (or glucose itself) has fallen 
below a certain value. 
Stumm's explanation of the phenomenon, i.e., that glucose did not 
interfere with galactose induction during preferential utilization of 
the farmer, does not seem to be tenable. If this conclusion were cor­
rect, it would be difficult to explain why galactose grown, cells did 
not synthesize galactose enzymes commensurate with the galactose concen­
tration present as well as why galactose assimilation was so severely 
impaired. In an earlier report, Stumm ( 2 1 8 ) showed that galactose grown 
cells completely rejected galactose in preference to exclusive utiliza­
tion of glucose. This observation is in contradiction with her later-
work showing inhibited uptake of galactose under nearly identical ex­
perimental conditions ( 2 1 5-217)• The results of Hernandez ( 2 1 9 ) with 
a glucose-galactose system are also in disagreement with those of Stumm 
as the former investigator observed simultaneous utilization of glucose 
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and galactose. 
Stumm ( 2 l 6 ) has shown that glucose is not inhihitive to galactose 
assimilation at lower temperature (7°C) thereby indicating that diauxie 
is a function of temperature. This observation appears to have been 
indicated by Knox ( 1 6 2 ) who concluded that inhibition of adaptation is 
almost nonexistent at lower temperatures. 
In contrast to the results of Gaudy and co-workers ( 2 1 1 , 2 1 2 ) , 
Gates, et al. ( 2 2 0 ) observed sequential oxygen uptake, indicated by 
double sags, by heterogeneous microbial populations fed with glucose-
acetate and glucose-lactose as substrate combinations- Inasmuch as it 
is difficult to explain the disagreement between the results of the two 
groups of investigators, it has been at least demonstrated that sequen­
tial oxygen assimilation is a possibility in natural waters. However, 
the mere occurrence of oxygen utilization characterized by multiple dips 
should not be construed to be indicative of diauxie, for such multiple 
sags were also observed by Marlar ( 2 2 1 ) in a system similar to that of 
Gates, et al. but with glucose as the sole carbon and energy source. 
The emphatic contention of Gaudy and co-investigators (211-214) 
and Stumm-Zollinger ( 2 1 5 - 2 1 8 ) Chat the first phase of diauxie is charac­
terized by "exclusive" utilization of glucose is neither supported by 
their data at low concentrations of the substrates nor acceptable con­
ceptually. Growth at the highest possible rate certainly cannot be 
maintained without drawing upon the preserved secondary substrate after 
glucose has been depleted beyond a critical concentration. Such clear-
cut separation of phases of .assimilation of the two substrates is atypi­
cal of natural phenomena whicn are often characterized by graduated 
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changes through transition phases- The works of Chian and Mateles ( 2 2 2 ) , 
Mateles; ej_ al. ( 2 2 3 ) , Mateles (224), aad Yannasch (225 ,226) have demon­
strated that consumption of the secondary substrate is indeed initiated 
at a finite concentration of the primary substrate ard there exists a 
phase of growth when both substrates are assimilated simultaneously, 
Chian and Mateles ( 2 2 2 ) and Mateles, et al, ( 2 2 3 ) indicated that the 
"catabolite inhibition" theory :" "auay, ej_ ah, ( 2 1 2 ) and Stumm ( 2 l 6 ) 
does not account for the diauxie phenomenon in all of its aspects. 
Aside from the confusions created by the above researchers 
relative to the probable mechanisms of causation of diauxie in hetero­
geneous cultures? no consideration whatever was given to interference 
cf the permease of the secondary substrate by the primary substrate as 
a probable cause of sequential assimilation. Inasmuch as the question 
concerning the criteria for Initiation of assimilation of the second 
substrate is not settled,, no model exists, rational or otherwise, to 
describe the kinetics of substrate assimilation in the different growth 
phases and the diauxie" lag phase. 
Ei appears that the following- information is essential for de­
velopment of a rational kinetic model for substrate assimilation and 
growth; 
1. The growth rate in the first growth cycle at which assimila­
tion of the secondary substrate is initiated, 
2 . Rates of assimilation of primary and secondary substrate 
during the transition phase or diauxie lag, 
3 . Growth yield during the diauxie lag. This information, is 
necessary to delineate the pattern of growth, if any, during the diauxie 
: a,- -
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A batch culture technique is unsuitable for collection of information 
of this kind since the interval between the beginning of uptake of the 
secondary substrate and complete exhaustion of the primary substrate is 
very short and adequate sampling is not possible to establish much re­
liable information. The concentration of the primary substrate becomes 
very low and cannot be determined accurately from single samples at 
various selected specific growth rates. The validity of the concentra­
tions determined can also be questioned because of the accumulation of 
excreted metabolites and the continuous change of environment. However, 
reliable informations can be obtained by employing the continuous cul­
ture technique of Monod ( 2 2 7 ) and of Novick and Szilard ( 7 3 , 2 2 8 , 2 2 9 ) . 
With this technique, any instantaneous growth condition of the batch 
growth can be "frozen" and maintained indefinitely at a fixed growth 
rate under constant environmental conditions. Secreted metabolites can­
not accumulate as they are constantly flushed out by the continuous flow 
of fresh nutrients and substrates of constant chemical composition. As 
most actual processes are operated on a continuous flow-type basis, in­
formation obtained by use of the continuous culture technique would be 
far more meaningful from an applied viewpoint. 
Continuous Culture Technique 
The advantages of the continuous culture technique are tnat pre­
cise manipulation and maintenance of the physical and chemical environ­
ment are possible and the cells can be held at steady state and constant 
physiological conditions for long periods. Thus the culture can be con­
tinuously maintained at a maximum growth rate with a maximum rate of 
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product formation The technique has proved to be a versa t i le reseai t 
r _,1 as i t allows the investigator to control the environment at w i l l . 
This continuous culture technique has been used for: 
a. study of kinetics of Synthesis of DM, RHA, protein (230-233), 
ar d glycc gen (23*0; 
bo study oi kinet ics of respiration (62-65,59,235,336), and COg 
product ion (59*236): 
c. study of energy of maintenance (62-65,59;66,6?); 
d. study of k-ire + iss of inhibit:,.-, (8o.j ; 
e. study of mutagenecity of compounds (7*0 j 
io study ci indue:-tor oi enzymes ; 
g. study of diauxie phenomena (134,135,222,223); 
h. study oi sp- ntaneous mutation rates (73?7k,76,77,237); 
1. selection . I species (238); 
j o s imulatl n of aqot : 0 e-. systems (225,226,239) i r i order to 
Study tne nature oi shif ts of b io t ic composition, of microbial population, 
tutritional requirements and microbial i r f ract ions; 
k _ anaboli •: r a £ e.s (73 7k) : and 
lo study of kinet ics of growth (59,62-65,7k,96,110.13k,135; 
225,226,239,2k6,2kl). 
Since the cQs • very of tne principles of continuous L .ul rure ai i 
the apparatus (called Eac^ ...gene by Mon d (227) and Chemosta~- by It 
and Szilaod (228,73))> there has been a tremendous upsurge of Interest 
in this researtt t en - lque and several major symposia and l i te ra ture 
reviews have been devoted to the subje. • (242-2V?). 
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Principles of Continuous Culture 
If a bacterial suspension is removed from a reactor at a rate 
equal to the flow rate of fresh incoming nutrients in which the concen­
trations of all nutrients are in excess (except that of the growth con­
trolling substrate), then the volume of the culture would remain constant 
and the rate of change of bacterial density is given by (58,7k,2ko): 
dX? n ,,_s = k(Xi)X? - DX° (10; 
where X x = concentration of growth controlling substrate in the 
reactor 
k(X^) = the specific growth rate constant when substrate con­
centration is X^ 
D = dilution rate (flow rate/reactor volume) which is the 
number of complete displacements of reactor volume per 
unit time 
X^ = concentration of microorganisms in the reactor 
DX^ = rate at which organisms are washed out 
If X^ is small when continuous flow is started at a constant dilu-
m s 
tion rate of D < k , X x is high due to higher concentration of substrate 
in the influent (X0) and the growth rate, k(X x), tends to rise. Thus 
X^ initially tends to rise causing X^ to fall due to bacterial consump­
tion until the growth rate is balanced by the rate of wash out, DX^, 
and a steady state in bacterial and substrate concentration is reached 
( 5 8 , 7 4 , 2 4 0 ) . The system becomes stable In that small accidental fluctua-
84 
tion from a steady state value will se~ up opposing physical forces of 
dilution or biochemical forces of growth which would restore the status 
quo. Under steady state, therefore 
kUf) = D (11) 
and 
# - 0 ( 1 2 ) 
i:.:e., hi - constant ( 1 3 ) 
s 
and so % 1 - constant (14) 
The continuous flow reactor therefore permits the experimenter to work 
with a constant bacterial density maintained at a constant growth rate 
provided that the dilution rate is kept constant and below the maximum 
specific growth rate. If D > k m, bacteria would be washed out at. a rate 
exceeding their rate of multiplication and eventually all cells in the 
reactor would be eliminated by wash out. 
Continuous culture may be homogeneous when the contents are com­
pletely mixed such that the concentrations of substrate and cells, as 
well as the physical environmental factors, are uniform throughout the 
culture. A reactor' is heterogeneous if the flow is of ideal "plug" or 
'piston" flow type ( 2 4 8 ) . In this case, steady state concepts apply to 
a point In the fl w path akin to a point In time in batch operation. 
The culture may be in single phase if grown in liquid media or multi­
phase as in biological pre :esses in packed towers and trickling filters 
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(249)- A system is closed when microbial cells are completely retained 
by recirculation of outgoing cells, or it may be open if cells are con­
tinuously lost (249)• Continuous culture may be multistage when several 
reactors are operated in series or in a combination of series-parallel 
feeding ( 2 4 9 , 2 5 0 ) . 
A homogeneous or completely mixed single phase single stage reac­
tor may be operated by discontinuous flow which is actuated when a set 
culture density is reached. The device, called a turbidostat ( 2 5 1 , 2 5 2 ) , 
is characterized by a fluctuating culture volume and "saw-tooth" type 
of steady state concentration varying about a mean ( 5 9 ) - At low dilution 
and growth rates, the frequency of discontinuous delivery of medium would 
be low approaching batch conditions and leading to unstable conditions 
and insensitive control ( 5 9 ) - A turbidostat is preferred at high dilu­
tion rates and for species having complex growth requirements ( 2 5 2 ) . The 
device involves the use of complicated electronic gear and a photocell, 
the operation of which is often hampered due to slime growth on the 
reactor walls. 
The other homogeneous system is the chemostat or bactogene in 
which the bacterial density and the growth rate are controlled by keeping 
the culture volume and the flow rate constant for operation under a cho­
sen growth rate. The chemostat is cheaper, more convenient, and simpler 
to operate and is also commercially available ( 2 5 2 ) . It is preferred 
to a turbidostat particularly for operation at lower dilution rates ( 5 9 ) -
Mathematics of Chemostat Behavior 
Assuming growth rate to be described by the Monod equation, it 
can be shown easily from equations 3 and 10 that steady state substrate 
8£ 
concentration is given by 
X l
3 . n s n ( 1 5 
km-E 
The steady state bac ter ia l density maintained in the chemostat i s ob­
tained from mass balar.ce as 
^(Xo-Xf) * n (16) 
where XQ - influent, substrate concert ration 
Y° = observed or apparent yield, coeff icient 
From Equations 1 5 and 1 6 i t further follows that 
X° = 1* (17) 
The dilut ion rate at which washout occurs i s attained when there i s no 
growth due to consumption of substrate, i.e.:,., from Equation 16 when 
Xo = xf (18) / 
Designating di lut ion rate at washout as the c r i t i c a l dilution rate D̂  
(240), one obtains from Eqcut ; r.s If arc. 1 8 
m s 
D = ^ l a ( 1 9 ) 
Equations 15, lT y and 19, which were derived by Monod (227); 
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hovick and Szilard ( 7 3 , 7 * 0 , and Herbert, et al. ( 2 ^ - 0 ) , involve the 
following implicit or explicit assumptions: 
a. complete mixing and homogeneity of culture, 
b. growth controlled by a single nutrient, 
c. constant growth yield at all growth rates, 
d. pure culture and absence of genetic variants, 
e. absence of mixed metabolism, 
f. instantaneous mixing of influent particles, 
g. instantaneous conversion of influent substrate by reduction 
s s 
of its concentration from X 0 to X- , 
h. constant dilution rate, 
i. capability of organisms to adjust to growth rates imposed 
by virtue of the applied dilution rate, and 
j. growth at exponential phase. 
While some of the above assumptions are easily satisfied by the 
experimental conditions, ouhers do not hold In many cases. Slime growth 
or "wall growth" on solid surfaces renders the culture heterogeneous 
and two phase ( 2 5 3 ) • It has been shown by many researchers that the 
yield coefficient is not constant at all growth rates ( 5 9 , 6 2 - 6 5 , 2 2 5 , 2 3 6 ) 
Mixed metabolism involving release of volatile acids at high growth 
rates has been observed in some cases ( 2 2 2 , 2 3 5 , 2 ^ 2 ) . 
There are two schools of thought regarding the instantaneous con­
version of substrate and the adjustment of growth rate by the organisms. 
Mixed metabolism refers to the condition when different pathways 
leading to different products are operated simultaneously. Thus, under 
excessive aeration, yeast may produce more cells and CCV> as well as 
ethanol and CCu by an alternate pathway ( 2 ^ 2 ) . 
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While Harte and Webb ( 1 3 5 ) , Romberg, ej_ a l . ( 2 5 * + ) , Herbert, ( 2 5 5 ) , and 
Martin arc] Washington ( 2 ^ 1 ) have held onto the view that the assumption 
is val id , Mateles^ et a l . ( 2 5 6 ) and Bungay and Bungay ( 2 5 3 ) have d is ­
agreed with this viewpoint.. Humphrey ( 2 5 7 ) has mentioned that there is 
a definite lag before organisms resp - a to incoming nutrients, The 
problems or Instabi l i ty a'd shift of sready state to new values of sub­
strate or organism concentrations due bo sp<r rare us mutations or con­
tamination by genetic variants have bee-, discussed by Novick ( 7 3 ) , 
Powell (237), and rose (76077), 
ti remains a fact that the assumptions are many and the steady-
state Equations 1 5 and 17 seem to apply to ideal ized conditions hardly 
achieved in pract ice . Reported deviations of experimental data from 
the curves of steady s T ate equatims (see Figure 8 ) were so numerous 
that Herbert ( 5 9 ) considered the agreements with theory to be only of 
qual i ta t ive nature, Powell ( 5 8 ) stated that the disagreements may be 
due to the fact that the reactions of a l i v ing organism are more com­
plex, and the Monod expression for spec-it ic growth rate, k (which forms 
the basis of tne above equations), cat be regarded only as giving a 
rough empirical, description of k. Fur'*:her complications are introduced 
in reactors with heterogeneous culture due to microbial interactions 
such as commensal!sm, mutualism, symbiosis, synergism, predatton, antagon­
ism, parasitism, neutralism, e tc . ( 2 5 3 ) • Bungay and Bungay ( 2 5 3 ) have 
concluded that steady states are necessari ly osc i l l a to ry due to micro­
b i a l interactions and wall growth in heterogeneous culture, 
As shown in Figure 8 , several types of divergences have beer 
reported, 
xj = INFLUENT SUBSTRATE CONCENTRATION 
CURVE (A)! ORGANISM CONCENTRATION FROM EQN. 15 
CURVE (B): SUBSTRATE CONCENTRATION FROM EQN. 13 
CURVE (C): DEVIATION OF ORGANISM CONCENTRATION IN CASE OF 
NUTRIENT DEFFICIENCY 
CURVE (D): DEVIATION OF ORGANISM CONCENTRATION DUE VARIATION OF 
OBSERVED GROWTH YIELD WITH VARIATION OF SPECIFIC 
GROWTH RATE. 
CURVE (E) : DEVIATION OF SUBSTRATE CONCENTRATION DUE TO 
INHIBITORY EFFECT AT HIGH POPULTION DENSITY 
CURVE (G): DEVIATION OF ORGANISM CONCENTRATION ATTRIBUTED TO 
"IMPERFECT MIXING" AND WALL-GROWTH 
CURVE (H): DEVIATION OF SUBSTRATE CONCENTRATION ATTRIBUTED 
TO "IMPERFECT" MIXING AND WALL- GROWTH 
DEVIATIONS REFER TO THE DEVIATIONS OF EXPERIMENTAL OBSERVATIONS 
FROM IDEALIZED CURVES DESCRIBED BY EQUATIONS 15 A 13. 
FIGURE 8. STEADY S T A T E CONCENTRATION OF ORGANISMS AND 
T H E GROWTH CONTROLLING SUBSTRATE AS FUNCTIONS 
OF T H E DILUTION RATE IN A CHEMOSTAT. 
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1. Deviations of types (g) and (h) are fairly common and have 
been attributed to "imperfect mixing" and "wall growth" ( 5 8 , 5 9 ) - As 
will be discussed in Chapters VII and VIII, such deviations may also be 
only due to slime growth. Contois ( 7 9 ) developed an equation for k(X^) 
to account for deviation on account of wall growth. It is doubtful 
that deviations of type (h) at higher dilution rates can be attributed 
to short circuiting and imperfect mixing since the theoretical and ex­
perimental analysis of Grieves, et al. ( 2 5 8 ) and Milbury and Pipes ( 2 5 9 ) 
indicated that for a given dilution rate substrate concentration was 
higher than predicted from theory for a given dilution rate. 
2 . Divergences of type (c) are observed in the presence of nu­
trient difficiencies when substrates are diverted for synthesis of 
cellular reserve materials like glycogen ( 5 9 , 2 3 ^ , 5 8 ) . 
3 . Deviations of type (e) have been observed by Mor and Fiech-
ter ( 2 3 6 ) and Jannasch ( 2 2 5 , 2 2 6 ) in heterogeneous culture and were at­
tributed to an inhibitory effect at high population density. 
h. Divergences of type (d) have been frequent ( 5 8 - 6 0 , 6 2 - 6 8 , 
8 0 , 2 3 6 ) and are attributed to variation of yield with growth rate. 
Yield coefficients are generally observed to be lower at lower growth 
rates ( 2 2 5 ) . Herbert ( 5 9 , 2 6 0 ) postulated that decreased yield at low 
growth rates is due to the fact that, in addition to anabolism, cells 
also have a constant endogenous metabolism. 
Endogenous metabolism has been interpreted differently. Ac­
cording to Herbert ( 5 9 ) ; cell substances are oxidized to C0^ for deriv­
ing energy for cellular functions other than synthesis of macromolecules. 
This concept led to the idea of negative growth. However, Marr, et al. 
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( 6 6 ) have stated that the lower yield is not due to destruction of any 
preformed biomass but rather because a significant portion of the carbon 
source is diverted to processes that do not result in increase of bio­
mass concentration. Herbert ( 5 9 ) had assumed endogenous metabolism to 
be independent of growth rate, whereas Button and Garver ( 2 6 l ) had 
evidence indicating endogenous metabolism to be prevalent at lower 
growth rates. In order for Equation 1 7 to conform to deviation of type 
(d) due to variation of yield coefficients, Herbert adjusted the equa­
tion of exponential growth as follows: 
k(XS)-keLX° ( 2 0 ) 
In Equation 2 0 kf̂  has been defined as the units of equivalent biomass 
destroyed (that could theoretically be produced with the amount of energy 
source used for maintenance) per unit of biomass present per unit time 
( 5 9 , 8 0 ) . 
Herbert's advocation of endogenous metabolism at all growth rates 
is contrary to the reports of many investigators ( ^ 0 - ^ 2 ) who have main­
tained that such metabolism at the expense of cellular reserves occurs 
only under conditions of near starvation. The suggestion of destruction 
of preformed macromolecules for derivation of energy, even in the pre­
sence of energy substrate, is against the principles of cell economy. 
It appears that it is more profitable for the cells to derive energy 
directly from catabolism of the carbon source rather than synthesizing 
cellular constituents and then catabolizing them. The introduction of 
the term, -kV, which implies simultaneous synthesis of protoplasm at 
9 2 
a rate k and destruction at. a rate k , is of doubtful conceptual va­
lidity notwithstanding the justification from the viewpoint of mathe­
matical description of the deviation of type (d) in Figure 8 . 
Pirt ( 6 8 ) has pointed out that this concept of negative growth 
introduced by Herbert ( 5 9 , 2 6 0 ) to account for energy of maintenance is 
artificial and indirect. Following the concept Duclaux ( 2 6 2 ) , Monod 
( 7 ) , and others ( 6 2 - 6 5 , 6 6 ) , Pirt ( 6 8 ) have defined maintenance energy 
retirements in terms of energy substrate consumed per unit mass of or­
ganism per unit time, It is said that energy of maintenance is required 
by a cell in the form of ATP at all growth rates for motility, active 
transport of nutrients across the cell wall, hydrolysis of proteins and 
nucleic acids to their constituent monomers and resynthesis of other 
micromolecules from monomers, transport of metabolites from one part of 
the protoplasm to another, cell division, tactic response, and other 
functions yet to be clearly defined (40-42,5 3 , 8 0 ). In other words, 
energy of maintenance refers to energy consumed for functions other than 
production of new cell materials ( 6 8 ) . Thus, overall substrate utiliza­
tion, rates may be constdered as the Sum of the rates of substrate utili­
zation for maintenance and for growth. That is 
dXS = + rdx s~ 
d9 " Ld9 J . LdG J maintenance 
( 2 i : 
growth 
Further, 
( 2 2 ) 
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In Equation 2 2 m is the maintenance coefficient in terms of energy sub­
strate consumed per unit mass of organism per unit time, and is considered 
a constant independent of growth rates. 
van Uden ( 8 0 ) has opined that the maintenance requirement is lower 
at high dilution rates during unrestricted growth. Pirt ( 6 8 ) and 
Schulze ( 6 3 - 6 5 ) defined a term, Y, as the yield coefficient corrected 
for endogenous metabolism and given by the equation 
"cLXSf , ^ n x 0 - 1 
J = - k ( x ) f r J < 2 3 ) 
growth 
Overall substrate consumption rate is now given by 
~dX s^ = - k(XS 
R O X 
Ly°J 
(2k) 
where Y° is the observed or apparent yield coefficient. 
From Equations 2 1 , 2 2 , 2 3 , and 2k it is readily seen that 
J__ _ m 1 
Y° " k(Xs) + Y ( 2 5 ) 
where Y = "true" yield coefficient. 
Pirt modified Equation 1 7 of Herbert by substituting the expression for 
Y° from Equation 2 5 . 
Despite the conceptual differences in accounting for the decrease I 
yield at lower growth rate, the equations of Herbert or Pirt only serve 
to conform the theory to the observed deviations of type (d) in Figure 8 . 
However, there are reports of yield factors decreasing with an increase 
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in growth rate (5^)J ar-d also as being maximum at a particular dilution 
rate above and below which It decreases ( 2 3 6 ^ 2 5 7 ) . The adjusted equa­
tions of Herbert and Pirt obviously would not describe yield variation 
of the latter types, nor are there any models which would describe de­
viations of types other than type (d). The evaluation of the steady 
state equations by Herbert ( 5 9 ) and Powell ( 5 8 ) as being able to conform 
only "qualitatively" to actual observations seems to be appropriate. 
Population Dy: amies and Selection in Continuous Culture 
In natural ecosystems} growth <. f a heterogeneous population in 
an environment following inoculation with nutrients leads to a change in 
the environment which is conducive to the growth of a second group of 
organisms and further environmental change. Over a period of time the 
succession of various dominant populations is observed starting from 
bacterial and algal population of the lower trophic levels and higher 
productivity (by virtue of rapid growth and efficiency) to a population 
of progressively higher forms of life of higher trophic levels. The 
phenomena have been described by Bartsch and Ingram ( 2 6 3 ) and at length 
more recently by Brock (26k) « 
In a continuous flow reactor, to e environment is kept constant 
and only those species which are endowed with the genetic and physio­
logical adaptive capacities to adjust to this controlled environment 
will persist, The experimenter can exert selective pressures at will by 
manipulating the chemical or physical factors of the environment. The 
survival and proliferation of a species confronted with increases in 
selective pressure depend on the genetic and adaptive potential of the 
9 5 
species as expressed by continued growth in the modified environment. 
Bryson ( 2 3 8 , 2 5 2 ) applied this principle for isolation of bacterial vari­
ants . 
Since the dilution rate determines the mean growth rate, selec­
tion of variants may be effected by simply changing the hydraulic dis­
placement rate while keeping other factors constant. The fate of a 
population is determined by the rate of washout such that if the latter 
exceeds a certain value (minimum generation time), the population even­
tually will be removed completely from the reactor ( 2 3 7 , 7 4 , 5 8 , 3 1 ) • In 
pure cultures, mutants with higher growth rates than parents, called 
prevalent mutants, ultimately displace the parent cells ( 5 8 , 7 4 ) and dis­
rupt the steady state, shifting it to a new position ( 7 6 , 7 7 ) - Mathema­
tical treatment of the dynamics of mutant populations is presented by 
Powell ( 2 3 7 ) , Moser ( 7 6 , 7 7 ) , and Renneboog ( 2 6 5 ) . 
Population dynamics or the selection of species by selection of 
dilution rates has been observed in heterogeneous cultures by many in­
vestigators ( 6 1 , 9 6 , 9 9 , 2 2 2 , 2 2 4 - 2 2 6 , 2 3 9 , 2 5 9 , 2 6 6 - 2 7 0 ) . Survival of a 
species in heterogeneous culture depends on a variety of less well de­
fined factors, many of them not related to the elimination of the unsuc­
cessful competitor by dilution which itself is only one of the important 
factors. Though the population remains heterogeneous in nature at all 
dilution rates due to mutual interactions (e.g., predation, symbiosis, 
neutralisms, etc.), the relative proportion of each species changes from 
one dilution rate to another. Thus in lactate and glucose-lactate media, 
Pseudomonas was found to dominate at high dilution rates ( 2 2 2 , 2 3 9 ) -
In the anaerobic environment, Andrews and Pearson ( 9 6 ) observed acid-
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formers to prevai l over methane bacteria at detention times of 2 ok days 
or l e s s . Due to the mutual in terac t i cs, the population of each species 
i s osc i l l a to ry at a giver dilution rate (253,269) , Such osc i l la t ions 
probably lead to the osc i l la t ions of the t o t a l steady state bacter ia l 
density (253,270), The studies of Casse l l , et al* (270), Co l l a r ! and 
Gossling (268), Dias and Bhat (266), Jarnasch (239,225,226), Chain and 
Mateles (222), Mateles {22k), and Andrews and Pearson (96) indicate that 
population change overs are rare during operation at nigh and low di lu­
tion rates and minimum at highest dilution ra tes . A good rule to follow 
is that a species i s selected againsl and may be displaced by another 
species which can grow more rapidly at the low concentrations of the con­
t ro l l i ng growth factor which occurs in the reactor (7*0° The principle 
of selection from heterogeneous culture has been used in the waste t rea t ­
ment plan1: at Pomona to develop an active population of Dit-rosomonas for 
producing n i t r i f i ed effluent tc be subsequently deni tr i f ied in a t e r t i a ry 
treatment plant (99) 
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CHAPTER III 
FORMJIATION OF THE PROPOSED RESEARCH METHODOIOGY 
Introduction 
The metabolic characteristics of microorganisms as revealed in 
the end results of a biological process are the reflections of the mode 
of operation of a complex network of interdependent catalyzed reactions. 
Through evolution, the microorganisms have acquired the properties of 
versatile behavior, only some of which are expressed in the interest of 
survival by rapid growth in a given environment. Upon stimulation of 
the genes by the physical and chemical factors of a given environment, 
the microbial cell produces those enzymes which form the most economical 
route for processing of nutrients and yielding the maximum growth rate. 
Economical design and operation of biological processes demand a thorough 
understanding of the modes of responses to environmental change as well 
as of the kinetics of catabolic and anabolic processes. 
A theoretical development of rate laws for substrate assimilation 
or biomass formation has not been possible due to the complex and inter­
dependent nature of numerous reactions, some of which are not fully elu­
cidated and/or studied for delineation of their thermodynamic properties. 
An approach favored by many in preference to pure empiricism is to regard 
total growth as a rough expression of the total catalytic activity of 
the network of enzyme systems. The kinetics of growth are then related 
to the kinetics of substrate utilization or product formation. Of the 
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various empirical, semi-empirical, and theoret ical equations advanced 
for describing simple sigmoid growth curves, the Monod expression, having 
a sound base on the Michalis-Men*en enzyme kinet ic equation, has found 
wide application in pure and mixed culture 
In natural or modulated ecosystems, the chemical and physical com­
position of the b io t ic environment i s far more complex than the labora­
tory enrichment median Two or mere nutrients may be potent ia l ly growth 
l imiting factors and may compete to be the indispensable nutrient source 
thus provoking severe interactions between the respective enzyme forming 
machineries. By virtue of the evolutionary capabilities vested in genes, 
the organisms solve this dilemma by imploring the enzyme forming system 
of that substrate which i s capable of sustaining the maximum growth rate . 
Control of production of the enzymes of the less preferred substrate, in 
tne face of persistent stimulation by i t , i s effected by the metabolites 
of the preferred substrate<> These act either by r.nemselves to quickly 
inhibit any exist ing enzymes of the secondary substrate or by inhibit ing 
tne transcription of the structural genes of the enzymes of the spared 
substrate,, Sparing of substrates and the sequential assimilation of the 
substrates finds expression in phasic or mult i-cycle growth. In a typ i ­
cal cycle, there i s exclusive u t i l i z a t i on of a preferred substrate accom­
panied by repression or inhibit ion of the enzymes of the less preferred 
substrate up to a point following which there i s derepression and indue-
tion of new enzymes and simultaneous u t i l i za t ion of both substrates. 
There i s considerable evidence that the enzymes of the secondary sub­
strate are synthesized de novo at more than normal rate of synthesis in 
order- that normal leve ls of these enzymes are established quickly,. The 
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demands for energy and protein building blocks during the explosive 
synthesis of these enzymes may cause proportionately more of the assimi­
lated substrate to be diverted to meet this demand, thus sacrificing 
growth for a short period of time during the transition period (or di­
auxie lag) between the cycles of growth. 
Much research has been done to demonstrate the widespread occur­
rence of diauxie phenomena in various environments and in pure and hetero­
geneous cultures. The impacts of the phenomena in controlled biological 
processes and aquatic ecosystems have also been appropriately emphasized. 
Information on kinetics of growth and substrate utilization is scarce 
since the earlier investigators resorted to batch cultures in which 
growth rates were affected by accumulated metabolic products and accom­
panying environmental changes and the diauxie lag occupied too short an 
interval for convenient study. More recently a few researchers have 
used continuous culture techniques for study of diauxie, since this 
technique enabled the experimenter to hold the culture at a selected 
growth rate and under constant environmental conditions for any desired 
length of time. 
The continuous culture theory as developed for growth controlled 
by a single nutrient has not been sufficient to describe even many pure 
culture systems for various reasons. However, qualitative agreements 
between theory and observations can be expected. Heterogeneity of the 
microbial culture introduces further complications. A shift in population 
composition ensues in response to any change of environment effected 
through the shifting of hydraulic displacement rates. The population 
composition at extreme dilution rates may be significantly different 
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from ethers and may be described by different Monod type equations as 
well. The assumption in tne development of continuous culture theory 
nas been that the populations thriving a: all dilution rates obey the 
same equation for specific growth rales,, This assumption may not be 
"enable in view cf the observations cf population dynamics. 
A number of questions concerning diauxie metabolism and growth 
in heterogeneous cultures remain tc be settled, Trese can be enumerated 
as foil-, KTS o 
1. Under- what environmental conditions can the occurrence of 
substrate interactions and phasic growth be expected? 
2. Are the growth, constants for individual substrates indicative 
_r its role as the preferred substrate? 
3« Would repression and inhibition of the permease system lead 
to diauxie phenomena? 
t„ What determines the initiation of induction of the enzymes 
of the spaced substrate? 
5 ° What is the effect, if any, of the secondary substrate on the 
kinetics of utilization of the primary subsira4e and vice versa when com­
pared to the kinetics of utilization of each substrate as the sole sub-
straie? 
6 * What are the kinetics of growth and substrate utilization 
during the diauxie lag? What is the growth yield during this period? 
c seems that the first question is answered if the studies by 
numerous researchers on the response patterns and regulatory mechanisms 
of microorganisms arc fronted with environmental change are considered. 
However, It appears that answers tc tie lasT five questions are of basic 
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importance to the understanding of the kinetics of sequential substrate 
utilization and growth. The experimental technique used for collection 
of the required information would have to be such that growth yields and 
utilization of individual substrates could be studied at a number of 
selected growth rates first in the absence of the interacting substrate 
and then in its presence to realistically determine the effect of the 
interaction. 
Design of Experiment 
Selection of the Experimental Technique 
A batch technique is unsuitable because the environment progres­
sively deteriorates as the end of the first growth cycle is approached 
to the extent that the kinetics of growth and substrate utilization may 
be severely inhibited and no meaningful information on this aspect would 
be derived. Furthermore, the first substrate disappears at a maximum 
rate and within a short period of time prior to the diauxie lag phase 
making it almost impossible to ascertain, with any acceptable degree of 
reliability, the point of initiation of simultaneous substrate utiliza­
tion; the cell yield during this period of time would be affected due to 
the accumulated metabolic products. Since the study of kinetics of di­
auxie is in effect the study of concentration effects of the preferred 
substrate on repression and assimilation of the alternate substrate, it 
was decided that such studies could best be done in a chemostat-type 
continuous reactor where concentrations and growth rates can be held 
constant as long as desired, and the interference from excreted metabo­
lites is eliminated. 
102 
Choice of SubsT r-res 
The subsT races :h. iioxw. !•? should be based upon the following 
c ons i&erations. 
1. Substrates should give r ise tc diauxie when mixed. 
2. The enzyme sequence including the permeases should preferably 
be known for each substrate, 
3. Ava i l ab i l i ty of information e inducible and consti tut ive 
nature of tne enzymes. 
k. Ava i l ab i l i ty of thermodynamic da*-a for the enzymatic steps, 
5. Ava i l ab i l i ty c f i".f rmaticn c mechanisms for regulation of 
enzyme syuthesis» 
6o Ava i lab i l i ty of • hvei Lei t analyt ica l techniques :'. - measure­
ment of eoncentrati* ago 
Glucose is an obvious choice because of i t s role in the "glucose 
ef fec t" ana because Ltfl bic hemical properties have bee- studied more 
than those of any other subs *:aoc- Similarly,, galactose has been used 
extensively over the past xwr decades by b io logis ts and chemists in 
studies of induetier, diauxie, ge e1 : control of enzyme formation, and 
the permease system* Tne nature - : * r.e permease system and the inducible 
enzymes for galactose metabolism have beer., elucidated by a number of 
investigators in recent years„ Galactose was, therefore, chosen as the 
competing substrate- for the glucose systemA 
Metabolism of Glucose, A vast body of Information has been accu­
mulated regarding the various enzymatic mechanisms involved in the micro­
b ia l metabolism of glucosen Sitoe this body of knowledge has been compiled 
and. is well documented, i t was deemed unnecessary to include i f here 0 
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Metabolism of Galactose. Although the mechanisms of galactose 
metabolism in mammals have been known for a long time, the enzymes of 
galactose degradation in microorganisms have been discovered only in 
the last two decades. An excellent review of the microbial metabolism 
of galactose has been presented by Kalckar ( 2 7 1 ) . Galactose is taken 
up by the cell from the medium by a sterospecific permease system (19-
2 1 , 2 4 , 2 7 1 - 2 7 7 ) - Each galactose molecule is bound to a stereospecific 
carrier protein for mediated transport against a concentration gradi­
ent ( 2 4 , 2 7 7 ) * The galactose-protein complex is reversible and the pro­
tein is also able to bind glucose ( 2 4 ) . In some strains of E. coli, 
galactose may be transported through the glucose permease ( l 4 , 2 4 ) indi­
cating that the glucose and galactose permease systems can be used inter­
changeably by some microorganisms. The transported galactose is thereupo 
acted on by a series of three enzymes of the heloir pathway: galacto-
kinase, galactose-l-phosphate uridyl transferase, and uridine diphos-
phogalactose-4-epimerase (also known as galactowaldenase). These enzymes 
have been isolated in various species of bacteria, yeast, etc. by numer-
our investigators ( 2 7 8 - 3 0 2 ) and converted galactose to glucose-1-phosphat 
an intermediate in the metabolism of glucose. Thermodynamic constants 
of the permease system and of the reactions of the three enzymes have 
been determined by various authors ( 2 1 , 2 7 4 , 3 0 1 - 3 0 6 ) . The heloir pathway 
is not universally applicable for Dehey and Doudoroff ( 3 0 7 ) have shown 
that Pseudomonas saccharophila metabolized glucose to pyruvic acid and 
D-glyceraldehyde-3-phosphate via D-gaiactono-Y-lactone, D-galactonic 
acid, and 2-keto-3-deoxy-D-galactonic acid. The structural genes for 
the three galactose enzymes form a cluster to constitute the so called 
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galactose operon (chromosomal gal segment) "which has a common operator 
and is controlled by tne same regulator gene ( 3 0 8 , 3 0 9 ) - It has been 
postulated that the structural gene of galactose permease is also con-
trolled by tne regular- r ge._e on nee galact. se enzymes ( 3 0 8 ) . The ga­
lactose permease and galactose enzymes are induced by galactose and D-
fucose (6-deoxy-galaetose) ( 3 0 9 ) = All three of the galactose enzymes 
are induced simultaneously ( 3 0 9 ) and, in the presence of galactose, the 
activities of these enzymes ruse 1 0 - 1 5 fold ( 2 7 3 , 3 0 9 ) . Kepes ( 1 9 , 2 7 7 ) 
and Horecker, et al. ( 2 l ) concluded that galactose does not exit from 
the cell by passive diffusion but by mediation with a stereospecific. 
transporter protein which is induced, in the presence of galact-"se. 
Exit activity is enhanced in the absence of the inducer by an unex­
plained mechanism ( 2 1 ) . Ic the presence of galactose, exit rates of 
glucose decrease se/o ,. f \$ ( 2 1 ) -
But tin ( 3 0 9 ) has stated that the inhibitor of induction of one 
of the galactose enzymes may be effective in inhibiting the induction 
of the permease a' d the other two enzymes. Since this author has ob­
served inhibition of galactokinase by glucose, it may be concluded that 
glucose may also Inhibit induction of the other galactose enzymes and 
. e per"ase . 
A unique feature of the galactose enzyme system is that the basal 
levels of the enzymes are rather high in the absence of the inducer ( 2 7 2 . , 
2 7 3 ) - This phenomenon has been attributed to endogenous or internal 
induction by galactose or UDP-gala t se produced from UDP-glucose (272, 
2 7 3 , 2 8 . 1 , 2 8 6 , 2 8 ^ ) , 
The relationship between the galactose and the glucose pathways 
1 0 5 
is shown in Figure h. 
Experimental Runs 
In order to delineate the extent of substrate interactions and 
concentration effects of glucose at different growth rates, it was de­
cided to conduct three series of experiments in a continuous flow reac­
tor; each series would be comprised of several steady state runs at 
several selected dilution rates. Glucose and galactose were chosen as 
the sole carbon and energy source and the growth 'Controlling substrate 
in the first and second series, respectively. The third series would 
consist of experimental runs with glucose and galactose as potential 
growth controlling substrates. 
CHAPTEB IV 
KIHETIC CONSIDERATIONS 
Development' •-•{ Enzyme and Grcwno Kinetics 
The growth of a microbial population is determined, by the rate 
of cell division which is exponential in nature in the case of uni­
cellular organisms. The rate of '.ell division would obviously depend 
on how fast protoplasmic marormoleeules are produced from the nutrients 
in the given environmental conditions by the previously discussed com­
plex network of erzyma+i: reac M. rt seemsi therefore, that the co­
efficient of popula" . er:¥o -'ace ard variations of it with growth, 
as well as the celling value Lf the total population, are ultimately 
dependent on the kinetic constants of the enzymatic reactions. From 
considerations of the kinetic laws of enzyme reactions and the mode of 
regulations of the same, it is possible to arrive at a mathematical ex­
pression for the variation of specie:ic growth rate of microbial popula­
tion, and if is not necessary t< resort to an empirical equation (e.g., 
+'te ''logistic' ov ! i . . w. se Donstanta do not seem to have any bio­
chemical significance or orientation. 
Kinetics of Single Enzymatic Reaction 
From the mechanism of enzymatic reaction (Equations 26 and 26A) 
proposed by Brown (101), Henri (102) derived the following equation 
(Equation 27) for the velocity • f the reaction by applying the concept 
of the law of ma..ss action, which is applicable mainly to a thermodynami-
1 0 7 
cally closed system: 
Enzyme(E) + Substrate(S) < ^ > Enzyme-Substrate Complex(ES) ( 2 6 ) 
Products(P) + Enzyme(E) 
or E + S ^ E S - E t P ( 2 6 A ) 
K 3 A 0 A Q 
V = ( 2 7 ) 
where V - ( 2 8 ) 
k 3 = constant 
sE 
X Q = concentration of substrate of the enzyme at time 6 
K = constant 
E 
X 0 = initial concentration of enzyme, E 
Brown's equation was given sound experimental validation by Michaeles 
and Menten ( 1 0 3 ) who presented a slightly different version of Equation 
2 7 as follows: 
sE 
It is to be noted that, when all enzymes are complexed, the velocity, V, 
would be maximum, V^, so that 
k 3 x £ = v 1 1 1 ( 3 0 ) 
1 0 8 
In Equation 29> K is the Mithaelis constant for the substrate. It was m 
shown by Michaelis and. Mercer: (103) that K = (k +k3 )/kx . Equation 29 
was derived, with the assumption that the enzyme substrate complex remains 
in true equilibnl um w i - \e enzyme and substrate, which is contrary to 
the condition of dynamic equilibrium that exists in an open system such 
as that of a cell. However, application of the concept of dynamic equi­
librium by Briggs and Haldane (104) led to a rate expression Identical 
be Equation 29- It should be mentioned that, because of the mathematical 
similarity between Equation 3 and Equation 29; many writers have inap­
propriately taken the Michaelis-Menten equation to be descriptive of 
g rcwth whicn is not valid, a priori - The Michae1is-Menten equation is 
simply tne rate expressice for a single and isolated enzymatic reaction. 
For reasons stated in Chapter II, the problem of modeling the behavior 
of a network of more than 20C0 enzymes in a cell is overwhelming and the 
prospects cf arriving at a: expression for the overall rate of the system 
from such an analysis is vr•, dim. However, some progress can be made 
if some simplifying and aggregating assumptions are made. The model 
built with tne assumption would be acceptable only it i" receives ex­
perimental support with regard to its closeness to reality and its capa­
bility of simulation of prototype systems. 
Kinetics of Multi-enzyme Systems 
Ic a metabolic system having a series of reactions as shown in 
Figure 9j tne rate of the initial reaction is evidently dependent on the 
nutrient concentration provided in the medium; the subsequent steps in 
the pathway depend upon tne preceding reaction for their substrate. When 
the system of enzymes has settled down to a steady state defined by a 
1 0 9 
sE. sE_ sE„ S F 
X, X ! 5? X | 4 AND X , 2 ARE 
STEADY STATE CONCENTRATIONS OF 
SUBSTRATES OF ENZYMES E ( , Eg , E 
AND E „ RESPECTIVELY. 
FOR THE ABOVE REACTION SERIE 
J 
CONCENTRATION OF SUBSTRATE OF T H E INDICATED ENZYME, X 
FIGURE 9. MICHAELIS CURVES OF T H E COMPONENT ENZYMES OF 
AN ENZYME SEQUENCE SHOWING THE LIMITING STEADY 
S T A T E CONDITIONS. 
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particular growth rate, tie concentrations of the intermediates are 
small and remain constant to correspond to the total flow of metabolites. 
The result is that, at steady state, all the reactions must proceed at 
the same rate. Dixon and Webb ( 2 9 ) and Hearon ( 3 1 0 ) have concluded that 
the velocity of a metabolic line is determined by the slowest enzymatic 
step in the sequence. In a series of enzymatic steps such as follows: 
A B c <-^> D <J*> . . ., 
if for any given environment enzyme E 3 is slower than E x and E 2 , then 
Intermediate C would ac^umuia^e. Accumulation and increase of concen­
tration of C would tend to accelerate conversion of C to D according to 
the Michaelis-Menten equation and decelerate E 2 by increasing its rate 
cf back reaction. This leads to a process of equalization of velocities, 
a conclusion which is compatible from the viewpoint of cellular regula­
tory mechanisms. Ihe rise in concentration of Intermediate C would bring 
into action the negative feedback mechanisms of retro-inhibition and/or 
catabolite repression to control the velocity of % or E 2 or both by 
Inhibiting their activity and/or adjusting the intracellular concentra­
tions of these enzymes. Thus, a key enzyme of the sequence would set 
the pace for the sequence, and the other enzymes would merely keep up 
with it. This is tne pacemaker concept of Krebs and Kornberg, 1 9 5 7 , ( 3 H ) • 
Hearer. ( 3 1 0 ) earlier arrived an one same conclusion and further pointed out 
that the environment affects the velocity of a metabolic route only in­
directly to the extent that it determines the slowest enzyme of the se­
quence. Thus the key enzymatic step may shift from one position in the 
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enzyme system to another with a shift in the environmental makeup. 
The different enzymes of the network will have different sub­
strate concentration curves as described by the Michaelis-Menten equa­
tion and depending on K , V™* and the amount of each enzyme present as 
illustrated in Figure 9 - The heights of she curves depend on the con­
centration of the particular enzyme, which of course can be changed with 
a change of environment. For any given environment, the enzyme with 
the lowest will become the limiting or pacemaker enzyme, and its 
maximum velocity will become the velocity of all other enzyme reactions 
in the chain. Thus, for the enzyme system represented in Figure 9, no 
matter how much the substrate concentration may be increased, the ve­
locity of the metabolic line cannot rise above the maximum velocity of 
enzyme F 3. As a consequence, the substrate concentration of each enzyme 
will adjust itself to that point on its Michaeiis curve which gives this 
rate. 
Burton ( 3 1 2 ) and Dean and HInshelwood ( 5 2 ) pointed out that the 
concept of pacemaker enzyme should be used with caution because theoreti­
cally it can be shown that the overall rate of a system of several con­
secutive reversible reactions depends on the rate constants of each step. 
This objection is valid where the reactions are purely chemical and where 
no control is exerted over the activity and/or quantity of the catalysts. 
It should be recognized, however, that in a biochemical system the ac­
tivity and quantity of the enzymes can be controlled by the genes ( 2 5 ) ; 
therefore, ft is possible that the overall rate is controlled by one 
pacemaker enzyme« 
1 1 2 
The essence of the above discussion is that, if the pacemaker 
concept is correct, then the velocity of substrate assimilation via an 
enzymatic pathway would be given by the Michaelis-Menten equation of the 
pacemaker enzyme. 
Kinetics of Cell Division and Growth 
As a result of substrate assimilation, the mass of total proto­
plasm will increase in the culture and derivation of a rate law for growth 
of total biomass in the culture is of primary interest. This can be based 
upon the concept of growth yield discussed in Chapter II and the fact 
that microbes multiply through the process of binary fission. In a grow­
ing culture of initial cell concentration, N1, at time, Qlf the cell con­
centration, N 2, at a later time, 0 2 , is given by 
where n = number of cell divisions or generations occurring in the time 
N 2 = r%2' n 
interval, (92-6i)-
If r is the number of cell divisions per unit time, 
n = rCeg-Si) ( 3 2 ) 
From Equations 3 1 and 3 2 
N 2 = Eu.2 r(e2-e1) ( 3 3 ) 
subtracting N x from Equation 3 3 
1 1 3 
AN = % [ 2 r A - 1 ] (3M 
where Ah - N 2-N 2 
In the limit of infinitesimal concentration and time differences, the 
differential equation for growth is obtained, or 
-77? - (r In 2)N ( 3 5 ) 
c 
Assuming p to be the average content of mass per cell, and also that 
this factor does not change during the considered time interval of the 
growth phase, the following differential equation for growth in terms 
of mass density is obtained 
dX 
® = (r In 2)X° ( 3 6 ) 
where X° = biomass concentration (mass/unit volume of cell suspension' 
at any time 9 
let r In 2 = k ( 3 7 ) 
Then from Equations 3 6 and 3 7 
dX° 
= < ( 3 8 ) 
where k = the specific growth rate (time 1) 
Equation 3 8 is identical with Equation 2 in Chapter II. Since 
1 1 4 
r is the "mean" cell division rate, k becomes the "mean" specific growth 
rate of all of the cells. The mean generation time t is defined as 
? = | ( 3 9 ) 
so that from Equations 3 7 and 3 9 
t = - 0 . 6 9 3 A ( ^ 0 : 
As pointed out in Chapter II,, the generation time, t, is given by a frê  
quency distribution, f(t), and the mean generation time is given by 
T = Tf(T)dT ( 4 l ) 
J 0 
Painter and Marr ( 3 7 ) have shown that, for Gaussian distribution of f(i") 
with a standard deviation, a, Equation 4 l can be solved to yield 
In 2 . cr3 t = + k — ( 4 2 , 
It appears, therefore, that Equation 4 0 , frequently used to calculate 
mean generation time, is not strictly correct as also indicated by 
Powell ( 3 5 ) . 
From consideration of conservation of mass and growth yield 
< = Y[dx"] ( 4 3 ) 
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where Y = true growth yield coefficient 
[dXQ] = substrate consumption for growth y g 
From Equations 3 8 and it follows that 
[dx|] 
1 
i f tx" = x f (t5: 
then L 9 g x 0 
de = f ~1W (hro) 
<3 where X Q = concentration of extracellular substrate y sE X Q = concentration of the substrate catabolite which is the sub. y 
strafe of the pacemaker enzyme E 
f = a constant < 1 
Substituting Equations h6 and 2 8 into Equation kh 
k = x t r ! W 
For a given culture density (i.e., for fixed quantity of enzymes), the 
specific growth rate is maximum when V, the velocity of the pacemaker 
reaction, is maximum, or from Equation ̂ 7 
X°f 
where k m = the maximum specific growth rate constant 
1 1 6 
Rearranging Equation 48 
Y k mf 
x° v m 
Substituting Equation 48A and Equation 2 9 into Equation 47 
i t x sE k • ( ^ 9 ) 
m 8 
but, x f = fx* 
so that, k = - ( 5 0 ) 
K /f+XSQ 
If K /f = K (b"l) irf w y 
then Equation 5 0 reduces to 
K+xi 
k = " I ( 5 2 ) 
From Equation 5 1 it is obvious that the saturation constant, K, is higher 
than the Michaelis constant, K . 
} m 
Recognizing that the exponential growth rate in certain cases is 
determined by a master (meaning pacemaker) reaction, Monod ( 7 , 3 8 ) adopted 
Equation 5 2 as an empirical law of exponential growth, because it bore 
similarity to the Michaelis-Menten equation. It is evident from the 
above that Monod's equation can be derived i f one is allowed to assume 
that the concept of the master reaction is valid. Apart from the theo-
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retical justification presented earlier in this Chapter, Equation f2 has 
been found applicable for the analyses of numerous experimental data, 
thereby supporting the validity of assuming a rate controlling enzymatic 
step in its derivation. After an extensive review of the information 
accumulated on the subject of enzyme response mechanisms and activity, 
Pardee ( 1 ^ 3 ) concluded that tie concept of adjustment of ail enzyme 
reactions to keep pace with the slowest reaction is tenable in view of 
the capacity of the cell to regulate the syntheses and activities of all 
enzymes. It can therefore be concluded chat the Monod model is firmly 
based on the universal law of enzyme kinetics. However, since the master 
reaction approach is valid under conditions of steady state, the equation 
is most applicable for describing growth in the exponential phase. 
Furthermore, the equation is based on the premise that a constant frac­
tion of the substrate, defined by the yield coefficient, is converted 
to biomass. Death rate is neglected. Available evidence indicates thai 
these assumptions are valid for the exponential phase for all practical 
purposes, 
Differential Equations for .Bacterial and Substrate 
Concentrations in Completely Mixed Continuous 
Flow Reactor 
Steady State Organism and Substrate Concentration 
Mathematical models can be developed for concentrations of sub­
strates and organisms in the reactor by applying the principles of mass 
balance to the biological system in tne completely mixed reactor. A 
problem with this approach is that failure to account for all the inputs 
1 1 8 
ard outputs of the process would lead t. models unable to realistically 
describe the parameters that the models represent. The mass balance of 
Monod ( 2 2 7 ) , Novick and Szilard v 7 3 ? 2 2 8 ) , and Herbert, et ah (2*4-0) did 
not include substrate consumption due to energy of maintenance, decrease 
in cell mass due to death and lysis, additional growth due to consumption 
of lysed products, decrease in cell mass due to predation, etc, As a 
result, the equations developed by these authors were unable to describe 
experimental data it many cases. Subsequently, Pirt ( 6 8 ) , Spi<~er ( 7 5 ) , 
and Saidel ( 8 l ; amongst others have revised the mass balance equations 
to include some of one above factors. Additional revisions may be forth­
coming as further insight is gained into other aspects of microbial 
re"ah 1ism. 
With reference to the following didactic sketch, the equation 







n, , „ Organism lost Change in Input of organisms _ .. .° _ \ ^ -x-u • + Growth - in effluent reactor with inflow , by dilution 
5 3 ! 
- Death + Regrowth - Predation 
dXc 
de X°Q t k(X?)X?V - XjQ - 6(X1
S,h[,X?)XiV + I• 6(X1S,Xt,X° )X?V ( 5 ^ ) 
- (k P(Xf)xf)|p 
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where X1 = concentration of active organisms in the reactor 
and effluent 
Xq = concentration of organisms in the influent 
X'i = concentration substrate in the reactor and effluent 
V - volume of reactor 
Q, = flow-through rate 
s 
k ( X X) = the specific growth rate constant which is a func-
tion X1 and of a mathematical form to be defined 
later 
s t 
6 ( X 1 , X 1 , X 5 ) = death rate coefficient assumed, to be a function of 
substrate concentration, ( 8 l ) concentration of toxic 
metabolites, X ^ ( l 3 , 8 l ) , crowding due to organism 
concentration ( 4 2 , 5 3 ) ? a n d number of cells ( 8 l , 4 2 ) 
$ = coefficient of regrowth ( 4 2 , 5 3 ) ; 1 . e . ratio of cell 
divisions per number of cells dying 
k ^ ( X ^ ) = specific growth rate of predator organisms as a 
function of concentration of prey organisms, X? 
X ^ = concentration of predator organisms in the reactor 
and effluent 
Y - growth yield coefficient of the predator, i.e., 
mass of predator produced per unit mass of prey 
consumed 
It has been stated by Postgate and Hunter (42) that the number of dead 
organisms may be substantial at low dilution rates when population den­
sity is high. The observation appears to be Compatible with the fact 
that, with slower rates of flushing of toxic products and more crowding 
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at lower dilution rates, the death rate may he of considerable magnitude 
at very high detention times. However, at higher dilution rates, death 
rates should be low for the accumulation of toxic metabolites is minimal 
Herbert, at al. (2*4-0), Monod (227), Powell ( 5 8 ) , and others chose to ne­
glect death rate, while Saidel ( 8 l ) , Button and Garver ( 2 6 l ) , Hetling 
and Washington (110), Spicer ( 7 5 ) , and Martin and Washington (2*4-1) pre­
ferred to include a term in the organism balance to account for the de­
crease in active biomass due to death* Postgate and Hunter (*4-2) have 
Indicated that the coefficient of regrowth is very small and since lysis, 
providing substrate for regrowth, occurs only under the extreme stresses 
of starvation not usually encountered in continuous reactors, the term 
for regrowth may be neglected. Population decrease due to predation may 
also be neglected as no significant predator population can be maintained 
except at low dilution rates. Due to their characteristic lower growth 
rates ( 6 l ; 3 1 3 ) , predators get washed, out at higher dilution rates. 
Since the nature of the function 6 ( x f , X i , X j ) is not known, the death rate 
coefficient is assumed to be a constant and independent of specific growth 
rates. Assuming that the influent contains no active organisms, Equation 
5*4- ecu be reduced to 
At steady state, dX^/dG = 0, and recognizing that v/Q = the nominal de­
tention time, 9 , Equation. 5 5 becomes 
•0 
( 5 5 ) 
where k' = 6(X?,X*,Xf) 
r 
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k(X2S) = i + k' ( 5 6 ) 
The mass balance for substrate cmcentration in a completely mixed 
continuous flow reactor is given by the equation 
( 5 7 ) Consumption by . , Consumption . ^ Amount Change m T , _ = , , . organisms for , - Input - Output - by organisms - 0 t contributed reactor • energy of , for growth - 4 . DY lysis to maintenance J J 
or, 
vi^ = x§« - xfft - n t n f n t t . + q6(x?,x*,xs)x?v ( 5 8 ) 
Cj 
where X 0 = substrate concentration in the influent 
m = maintenance coefficient in terms of substrate consumed per 
unit mass of organism per unit time 
Y = true yield coefficient = dX°/(dXS) 
g 
q = substrate released per unit of biomass lysed (mg substrate/ 
mg of biomass lysed) 
In the above mass balance, a fract ion oi subs crate assimilated, 
s 
(dX ) , is considered to account for one growth of active cells. The 
other fraction of substrate removal supplying the energy requirement is 
not recovered as cells but is destroyed by biological oxidation to yield 
energy. The contribution to reactor substrate by lysis can be neglected 
under the operating conditions of this investigation. Therefore, at 
steady state, Equation 5 8 reduces to 
= + m ] ( 5 9 ) 
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Substituting for k (x f) from Equation 5 6 
1 1+9 k +mY9 r r 
Rearranging Equation 6 0 
x f - x f 1 . „ rk'+mY" 
Xj Y rL Y J ( 6 0 A ) 
It may be noted that ( X ^ - X ^ / X ^ is the total substrate consumption per 
unit biomass in the reactor. It is thus evident from Equation 6 0 A that 
substrate consumption per unit biomass is a linear function of detention 
time, since Y, m, and k' have been shown to be constants ( 6 8 , 7 5 , 8 1 ) . 
Since X J / ( XQ - XI) is the apparent or observed yield coefficient, Y° a, in 
terms of active solids, so that 
Y° 
1_ = 1 
a Y 
k +mY" 
L~T~~J ( 6 i ; 
It is often of interest to know the mass of substrate utilized for 
growth of unit mass of cells synthesized. A constant, U^, to be referred 
to as the substrate utilization factor may be defined to express mass of 
substrate utilized for growth of unit biomass. 
Thus 
t = I ^ 
and Equation 6 l becomes 
1 2 3 
It should be noted that Equations 6 0 , 6 0 A , 6 l , and 6 3 can be de-
rived without the form of k(Xx) being specified. Equation 6 0 is indepen­
dent of the Monod growth equation, and its failure to describe experi­
mental data (see Curves d, c, and g of Figure 8 ) cannot be ascribed to 
any inadequacy of the Monod equation as has been alleged by some authors, 
If k(X^) follows the Monod growth equation, then from Equations 
5 2 and 5 6 
ft: 1 
.s 




X? = m-- ^ — - ( 6 U A ) 
1 e km~ i+k e 
r v TJ 
and 
er j_ r j_i i 
= xfLkmJ + km {6hi 
Equation 6*fB indicates that 9^/(l+k'9^) is a linear function of the re­
ciprocal of substrate concentrat ion. 
Auto-destruction or Decay Constant 
Equations 6 0 A and 6 l are not the common forms used by many authors 
( 9 1 , 9 5 , 9 6 , 9 8 , 9 9 ) i-n "the sanitary engineering field who do not use the 
latest concept, of energy of maintenance but rather the older and perhaps 
fictitious concept of negative growth proposed by Herbert ( 5 9 ) - Since 
1 2 4 
the negative growth is mathematically equivalent to the growth that would 
take place (hut actually does not) if the substrate consumed for energy 




- = k e x? (65) 
In Equation 65 [ ^ 1 ^ ^ s the energy substrate consumed for supplying 
+ he energy of maintenance so that the left hand side of this equation is 
equal to the fictitious rate of hi mass production from [ cDtf ] , and is 
m 
to be corrected by a hypothetical rate of negative growth given by kex£. 
From the definition of the maintenance coefficient 
[dxf] 
HU mX5 (66) 
From Equation 65 and Equatio; 
mX°Y = kFo? :67; 
and mY - k (68) 
Substituting Equation 68 into Equation 6 0 A yields 
xf-X? 1 . n Tk '+k 6 ' 
Xj " Y ' (69) 
let k +k = k .70. 
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It should be noted that the users of assume it to be a constant and 
independent of the specific growth rates. 
Substituting Equation 70 ic+o Iquation 69 
Xo-xf 1 n k d 
i f * = Y + 9r T (71) 
From Equations 68 and 70 
kCi - k'+mY (72) 
Equation 71 is the form used by many authors (91,95,96,98,99) "who 
variously refer to k^ as the specific "destruction" rate or "decay" rate 
to include decrease in biomass concentration due to endogenous respira­
tion. However, it should be recognized that "endogenous" respiration 
in the presence of substrate does not involve degradation of cellular 
reserves (such as S-hydroxybutyrafe, lipids, glycogen, etc.)(kO,kl,42, 
53), and as such it is not proper to include this factor in the organism 
balance. In the presence of extracellular substrate, "endogenous respir­
ation"- -or more appropriately the requirement of basal metabolism or the 
energy of maintenance (kO,71)--involves the exergonic oxidation of the 
substrate, and it should be accounted for in the substrate balance as 
shown in Equations 57 and 58, 
The values of k^ reported in the literature (see Table l) are 
typically high, amounting to more than 50 percent of the maximum specific 
d 
growth rate. If k is interpreted to mean negative growth rate or decay 
or destruction of biomass, it is not understood how one can justify such 
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high rates of organism decay or destruction in the presence of the sub­
strate and under the controlled environmental conditions of continuous 
d 
cultures. However, the values of k appear to have some significance if 
this parameter is taken to be the sum of the specific death rate, k', 
d 
and the term, mY, as defined by Equation 72. Moreover, as k itself has 
hardly any significance in the absence of starvation conditions, it is 
more meaningful to use equations which incorporate the more realistic 
parameters of the specific death rate and the maintenance coefficient. 
Table 1. Comparison of Auto-destruction Rates and Maximum 
Specific Growth Rates 
Author 7 F ~ , m k Type of Culture 
(day 1 ) (day-1) 
Gates, et al.(95) 0,07 0.1k Heterogeneous, 
anaerobic-aerobic 




0.87 1-33 Heterogeneous, 
anaerobic 
Schroepfer, et al. 
(315) 
0.17 0.24 Heterogeneous, 
anaerobic 
Schroepfer, et al. 
(315) 
0.13 0.06 Heterogeneous, 
anaerobic 
Approximate Forms of the Steady State Equations 
From inspections of Equations 6 0 A and 64B, it may be realized 
that these equations involve too many unknown constants (k', Y, m, km, 
and K) to be determined from the experimental data on steady state or­
ganisms and substrate concentrations. 
127 
Most authors have chosen to neglect k/ and considered the follow­
ing simplified forms of Equations 56, 60, 6 0 A , 6l, 6kk, and 6kB: 
k(X1S) = D 
(73) 
(7̂ 0 




XV = (Xg-X^YD D+mY (76) 
( x g - X ? ) 1 
^f? = Y + m 9 : 77) 
x g - x f 1 m 
:° Y D X̂  (78) 
Y° a Y r 
(79) 
1 1 m 
a Y D Y° 
Ys K Xi -
km-l 
(81) 










~m ^ ~ - 1/D (84) •kmJKf k 
Because detention time, 6 ̂  is the reciprocal of the hydraulic dilution 
rate, D, Equations 74, 76, 78, 80, 82, and 84 are alternate forms o f 
Equations 73> 75, 77, 79? 81, and 83,, respectively. From Equations 73 
and 79 
1 1 J. M f«.c"S 
~ = Y + k 
Equation 85 was Pirtfs (68) modified form of the equation derived earlier 
by Herbert, et al. (240). The above simplified equations allow the de­
termination of constants, Y, m, k m, and K, from the slopes and intercepts 
of the two lines best fitting the plots of (XJJ *X£) /X^ and 0 , as function 
o f 9 r and i/X.f, re spe ct i ve ly. 
Critical Detention Time and Critical Dilution Rate. The upper 
limit of the hydraulic dilution rate and the lower limit of the detention 
time, respectively called the critical dilution rate, Do» and the criti-
c s cal detentton time, 0 , may be derived from Equations 8l and 82 when X 0 
g 
equals X1. At critical detention times, the hydraulic dilution rate 
equals the growth rate, and there will be "washout" or no growth in the 
reactor at the expense of the incoming substrate. Tne approximate forms 
o 
for D_ and 9 are as follows: 
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Substrate Conversion Rate. Economical process operation demands 
that the detention time be selected to yield the maximum substrate con-
m 
version rate, C_̂ . The conversion rate, C i s given by Equation 88 
below: 
C R = D ( x g - X ^ ) 
Eliminating X-j_ in Equation 88 by Equation 82, differentiating the re­
sultant expression for with respect to the dilution rate, D, and 
mc 
equating the differential to zero, the following expression for 9_̂  is 
obtained 
unc (Xn+K)8 
km[ ( X | + K ) * - K £ ; 
mc where 9" = detention time at which maximum conversion rate is realized, r 
from Equations 89 and 8l it can be shown that 
[ X ? ] , . . . . . . . . . . . = [ K ( x g + K ) ] S - K (90) 
1 at max conversion rate 
s mc 
It should be appreciated, however, that as X 0 increases, 9_̂  approaches c s 0^ resulting in larger values of X 1 . At a high influent concentration 
of the substrate, ope:-at ion for maximum conversion rate will result in 
higher substrate concentration in the effluent. In sanitary engineering 
processes, the effluent quality is frequently cf primary importance, and 
in such cases, efficiency of conversion has to be sacrificed for the 
sake of better effluent quality. 
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On the Techniques Used for Determinations of the Growth Constants 
without Neglecting Death Rate 
It has been shown by some investigators that the death rate is a 
function of substrate concentration, concentration of toxic metabolites, 
and crowding as a result of cell density ( l3 ,42 ,8 l ) . The factors in­
fluencing death become considerably important in reactors fed with high 
growth yielding substrates such as glucose and when operated at high 
detention times; thus, neglecting death seems to be unjustified, unless 
proved otherwise, in such cases. Schichiji and Uematsu (3l6) have re­
ported that the fraction of dead cells in continuous cultures reaches ap­
preciable levels. Button and Garver (26l) concluded that, at lower 
growth rates, dead and metabolically inactive cells were present. How­
ever, there remains the problem of determining specific death rate and 
the other constants (Y, m, k m, and K) from the experimentally measurable 
quantities and Equations 6 0 A and 6k~B. The difficulty can be obviated by 
determining k' from measured concentrations of active bacterial solids 
and those of total solids, which may include dead and inactive cells as 
well as cell debris. In this investigation, the dehydrogenase activities 
were taken as a measure of the active solids concentration, . An equa­
tion could then be derived for determining the specific death rate, k 

















If there are no solids in the influent, then 
1 3 1 
= 0 - X^Q 
where X^ = total dry solids concentration in the reactor 
At steady state, 
Substituting for k9^ from Equation 5 6 
X° t 
= 1+kX (93) XV r 
x°° - x°(i+k'ej (93A) 
From Equation 93 it is evident that the specific death rate constant, k 
is equal to the slope of a plot of X^ /xj as a function of 9 . Compari­
son of the slope of the line best, fitting the data on X^/X^ and 9_̂  with 
the theoretical slope of unity would provide information regarding the 
reliability of this technique of measurement of k_\ Equation 9 3 A can 
be used to compute sludge production at selected detention times from 
the concentration of active solids as determined by dehydrogenase 
activities. 
Having thus determined k', the true yield coefficient, Y, and 
the maintenance coefficient, m, can be computed from the intercept and 
slope of the best line of fit of daca plotted in accordance with the 
linear function of Equation 6 0 A . The maximum specific growth rate 
1 3 2 
Hi 
constant, k \ and the saturation constant, K, can be determined simi­
larly from a plot of the experimental data in accordance with Equation 
6kB. 
Fractional Use of Assimilated Substrate for Growth 
and Maintenance 
Mathematical expressions can be derived for estimating the frac­
tion of assimilated substrate diverted for growth, and. the fraction 
utilized for the energy of maintenance. The following equation, obtained 
by rearranging Equation 6 0 A , describes how the assimilated substrate is 
partitioned for satisfying the different important biological functions. 
1 + mG 1 
Lx 0 ~X1  v S v ̂  OA.Q -A j -> r 
9 V 
In Equation yk 
X° = quantity of substrate consumed for growth per liter of 
cul "-nee 
X?k'0 - mass concentration of cells which die at detention r 
time3 0 
r 
X?k'0 \ r 
Y =s mass of substrate consumed per liter of culture in 
producing cells which eventually die at detention 
time, 6 , ana. > r7 
(Xq-Xj) = total substrate consumption by a liter of culture. 
Thus, 
X? f 1 _ fraction of total substrate removal , s 
.Xo-Xf-I ~ used for growth 
1 3 3 
and 
fraction of total substrate removal 
X^ j~ 1 1 _ that accounts for the growth of cells (af.) 
Y r L _ X ^ _ x ^ - 1 which eventually die at detention ' 
time, 9 
fraction or total substrate removal 
m9 xoT 1 ~! = ^ed for supplying the energy of , x 
r 1 LXQ -Xf-I maintenance at detention time, 
9 
Considering that X ^ / ( X Q - X I ) = Y° , the following alt ernate forms of Equa­
tions 95; 9&, and 97 can also be written: 
Y°a/Y - ^ r a c " t i ° n cl" total substrate removal used ( qQ) 
' for growth 
fraction of total substrate removal 
k'9 Y° /Y = used for growth of cells which die at (99) detention time, 9 7 r 
fraction of total substrate removal used 
m9 Y° = for supplying the energy of maintenance (lOCf 
at detention time, 9 
r 
Population Dynamics in Continuous Flow Reactors 
The phenomenon of selection of dominants in Chemostat type reac­
tors has been discussed at length in Chapter II. The purpose of this 
section is to present a few relationships which can aid in ascertaining 
if several species can simultaneously survive at a chosen dilution rate. 
The effect of microbial interactions (such as commensalism, mutalism, 
amensalism, parasitism, predation, symbiosis, synergism, e tc . ) is not 
considered in the analysis presented herein. 
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If there are j species of microorganisms in the reactor operated 
at a dilution rate, D, then the growth rate of each species is given by 
liquation 56. Thus 
k'+D = k (X.i) (101) 
where j = 1 , 2 , 3 , . . . . n . 
If the specific growth rate is given by the Monod equation, then for 
u species 
k +d = kx —L-g- - k2 g - • • • • = k — ^ = •.. • - k —i-g- (102) Ki+X? K 2 + X i J R.fXi n K hXf 
where X1 = substrate concentration in the reactor operated, at 
dilution rate, D 
m m m 
kx,k2,•••'k. = maximum specific growth rates of species Hos. 1, 
Kx ,K2 ,.... K = saturation constants of species Nos. 1, 2,---j 
All species can coexist at a given dilution rate of D if either Equa­
tion 10.3, 104, or 105 below is satisfied; 
-1 m . . i n m m 
kj_ = k2 - j " = n ^ 3' 
:<•, - A 2 = - K. = -= K (10V 
1 j n 
. m 1 m jja k m 
Ki+X? K3+X? Kh-Xf K ^ J 
(105: 
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If it is assumed that Species No. 1 can survive at a dilution rate, D, 
then coexistence of Species No. 1 and Species j is possible when 
xf = k m (106) 
and 
Kx = K. (107, 
i.e., when the two species considered have identical growth kinetic 
properties. Species No. 1 and Species i may also grow together, albeit 
Equations 106 and 107 do not hold, if 
Rearranging Equation 108 
i m V 1 ? 
Kx+Xf X.+Xf 
3 
k-,K. - k.Kh 
k- - k x: m 
( 1 0 8 A ) 
Again, for Species j 
At "s- = iM-k' (109) 
Since Species No. 1 is the reference species which is assumed to estab-
lish itself at dilution rate, D, X1 is given by an expression of the 
form of Equation 6hA, or 
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s Kx (D+kO (no) 
Substituting Equation 110 into Equation 109 yields 
k X (iH-k') 
3 
K.k^1 + (iHf'jfe-K.) 
(ink ") (HI) 
Rearranging Equation 111 
- D+k ( 1 1 2 ) 
Thus, Species j may attain a steady state population with Species No, 1 
if either of the conditions of Equations 1 0 8 A or 1 1 2 holds. Finally, 
Equations 103, -0k9 1 0 8 A , and 1 1 2 define conditions under which two 
species can coexist in a completely mixed continuous flow reactor. 
Having established the conditions for coexistence, it is a simpler 
matter to derive the conditions under which a test Species j cannot sur­
vive at a given reactor detention time or a steady state substrate con­
centration. The ability of the test species for survival is tested by 
comparing its growth kinetic parameters with those of a reference species 
known to be able to proliferate at the given dilution rate or reactor 
substrate concentration, if the growth kinetic parameters of the test 
Species J are such that 
D+k' > K.+Xr (113) 
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i.e., D > k.-k' (lit) 
0 
kill? 
then. — — 5 - - (ink ) = negative quantity (115) K.+Xf J 1 
If a mass balance for Species j is performed in the manner of "Equation 
5 5 , 
then » k(xf)Xd - X°J'(D+kO (ll6) 
If the specific growth rate, k, is defined by Equation 
ukhlxj 
K+x; 
From Equations 115 and 117 it is evident that 
°3 
(117! 
~q- - negative (ll8) 
Thus, when D > (k. - k') .i.e., when the dilution rate is greater than the 
3 
net specific growth rate of "pedes ,j at a substrate concentration, X x, 
dictated by Species ho. 1, Species j_ will be progressively washed out: 
no steady state can be reached until Species j is completely eliminated. 
The time of washout depends on the concentration, Xl , present initially 
and the magnitude of D-(k.-k ), which may be termed as the selection 
pressure. 
Since X x is determined by Species Efo. 1, which is assumed to 
survive at the dilution rate, D, it follows from Equation 6k that 
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- - K. 
i t l s 
k- A -
Y. 4 -YS 
(119) 
Substitution of Equation I.19 into Equati< a 113 yields 
( 1 2 0 
In addition, substitution of Equation 110 into Equation 113 results 1E 
J J 
121) 
I he following rel? ips can aow be derioed on rearranging tiie Ir 
equalities 120 and 121 
k % - k^ 
- k' < : ( w. e i Ei > K . ; 
1 j 
(122.) 
. - 11!% 
k ' > D ( w h e t s K . > Ki) 
J 1 
( 1 2 3 ) 
& - kfh 
k? k m 
1 J 
< x. m ^ „ m (wr.e: > k̂  ) (124) 
1 ^ 1 >x; q 
, m . m 1 
K j 1 
( w h e n klu > k^) 
J 
(12-, 
Should any of the Conditions of Inequalities 122 through 125 be applicable, 
1 3 9 
then Species i_ -would be progressively washed out and a steady state 
population of this species cannot be attained. It is apparent from re­
lationships 122 and 123 that, as D is increased, the magnitude of the 
expression on the left hand side of the relationship would fall below 
D for an increasing number of species with the result that, at higher 
dilution rates, the total population would be composed of fewer species 
than would prevail at low dilution rates. Conversely, as the dilution 
rate is decreased, conditions given by Inequalities 122 and 123 would be 
applicable for an increasing number of species, thereby resulting in 
increased heterogeneity of population. Therefore, theoretically the 
heterogeneity of the reactor population will increase with decrease of 
dilution rate or increase of detention time. If the steady state sub­
strate concentration in the reactor in the presence of a species of de­
fined growth kinetic properties is known, then Inequalities 124 and 125 




DEVELOPMENT AND DESIGN OF THE EX PEDIMENTAT APPARATUS 
Completely-mixed Continuous Flow Reactor System 
for Heterogeneous Bacterial Cultures 
General 
Despite tiie fact that numerous designs and assemblies have been 
described in the literature for the continuous cultivation of microor­
ganisms in the laboratory and on a commercial scale, there is hardly 
any particular design which would be satisfactory for all of the diverse 
objectives which could be considered. The design of the system details 
would vary according to the purpose for which the system is to be used. 
For example, a good apparatus for production of vitamins may not be 
suitable for the study of mutation or ideal for kinetic studies or even 
desirable for mass production of cells. 
Compared to applications in pure culture studies, not many con­
tinuous reactor assemblies have been described for studies of hetero­
geneous cultures. A basic difference, which is rather an advantage, of 
the latter type of studies is that the need for sterilizing equipment 
and keeping it sterile during operation for maintaining the purity of the 
culture is eliminated. However, a noteworthy disadvantage is the un­
avoidable slime formation on the surfaces of the reactor and its appur­
tenances. As will be discussed in a later section, failure to keep slime 
formation under control may moke the difference between meaningless and 
meaningful data. 
The difficulties of attaining a stable steady state condition in 
heterogeneous culture have already been mentioned in Chapter II. The 
fluctuations in substrate and organism concentrations during a steady 
state run would be amplified by a large degree if slime growth, slough­
ing, and flow oscillations associated with the use of pumps for delivery 
of nutrients were allowed in the operation. These factors should be 
eliminated as far as possible, 
It was decided to design an inexpensive completely mixed continuous 
culture system, capable of being assembled from standard items of labora­
tory equipment and hardware, which would eliminate the use of pumps but 
would render reliable long-term service. Other desirable features would 
include the provision for alteration of culture volume from run to run 
(or even during a run, if desired) and inclusion of a standby system 
for continued operation during any power shutdown. 
Design Considerations 
The design of the system was based upon the following general 
functional requirements: 
a) provision for adequate agitation of the culture to obtain 
complete mixing and homogeneity; 
b) provision for adequate oxygen transfer rate; 
c) provision for maintaining the pH at a desired level; 
d) means of controlling and maintaining the temperature at a 
selected value; 
e) means of delivering the nutrients at a constanu but easily 
variable rate; 
Ih2 
f) means of ccjr.troiling the concentrations of nutrients and 
keeping concentrations constant during a run; 
g) means of maintaining constant culture volume hut with pro­
visions for variations; 
h) provisions for batch preparation and storage of nutrient 
solutions for delivery to the reactor at constant measured rates. 
For purposes of design and operation, the continuous culture 
system was considered to be comprised of the following subsystems: 
a) Reactor assembly 
b) Mixing device 
c) Temperature control 
d) Air supply 
(i) for mixing and oxygen transfer during normal operation 
(ii) for mixing and oxygen transfer in operation during 
power shutdown (operation during emergencies) 
(iii) for pressurizing feed reservoirs and effecting sub­
strate and nutrient delivery against positive lifts 
e) Feed, reservoirs and appurtenances 
f) Continuous flow system 
g) Oxygen supply to reactor 
h) Foam control 
i) pH control 
Design of the Reactor Assembly 
Reactors of various shapes, sizes, and materials of construction 
and ranging from a simple laboratory flask (261,317) to the Porton-type 
vessel of specialized engineering construction have been reported (13^, 
1 ^ 3 
135,318). The materials chosen for construction of the reactor and ap­
purtenances should be relatively inexpensive, durable, resistant to 
corrosion under a wide range of pH and oxidative conditions, non-toxic, 
rigid and not easily breakable, transparent, easily workable, immune to 
damage from moderate mechanical and thermal shocks, and should have a 
minimum affinity for slime growth compared to glass and stainless steel. 
Cast plastic sheets and tubes are inexpensive, t:ansparent, of light 
weight, durable, Inert towards chemicals usually encountered in labora­
tory cultures and involve a minimum of labor and skill for building an 
apparatus. This material can be easily glued, sawed., drilled, topped, 
sanded, and machined. This synthetic plastic, however, has the dis­
advantage that it dissolves in organic solvents and is attacked by 
strong acids. 
The reactor, waterbatn, feed reservoirs, and air filters were 
made of cast thermoplastic acrylic resin sheets and tubes. Equipment 
and appurtenances •which were to be immersed in the culture were of stain 
less steel, Teflon, rubber, or plastic as indicated on Figures 10 and 11 
Since slime growth was expected in the heterogeneous culture, the 
reactor was constructed with a minimum of edges and surface areas and a 
parallelepiped shape. The capacity of the reactor was designed to pro­
vide the desired number of samples cf sufficient volume without signifi­
cantly affecting the culture volume (and therefore the detection time) 
and the oxygen transfer rate. Ey using the method of Perret (319)> the 
minimum allowable reactor volume was computed to be To5 liters (see 
Appendix l). 
The reactor dimensions were chosen so that an operating volume 
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up f- sever liters could be attained. To minimize slime growth, the 
-.umber of projections and, appurtenances projecting into the culture 
tiuiu was kept tc a minimum ° The reactor dimensions are also shown in 
Figure 10, 
• rol of the Reactor Volume 
Operation of the reactor at a constant detention time (or dilu-
rate) required, tha+. the culture volume be maintained constant durin 
ea • run. The devices used by Ferret (319)> Herbert, et al. (320), 
DeHaan and Winkler ( 3 2 1 ) , and others (3l6>2ol) suffer from various dis­
advantages such as the use of complex equipment and operating procedures 
outflow in discrete discontinuous slugs, etc. Moreover, these devices 
d i . . . + allow any variation of the culture volume. The wier overflow 
system used, in this research and illustrated in Figure 10 was of such 
instruction that a steady outflow rate could be obtained, and the cul­
ture volume could be varied at will at any time. A telescopic tube 
e: tering the reactor just below the impeller at an angle of U-5 degrees 
was sufficient to allow overflow without clogging. The oscillations of 
liquid or surge in the overflow tube were similar to the classical case 
i t surge in a U-fube due to turbulent resistance. Although usually con-
trolled by allowing the liquid to surge into a tank, the surge in the 
( vefflow tube was controlled by provision, of a Y-shaped glass outlet of 
smaller diameter (see Figure 1 0 ) . The rise of the effluent in the 
branch of the Y-tube and the accompanying losses aided in dissipating 
he momentum transferred to the overflowing fluid due to the vigorous 
agitation inside the reactor. The Y-tube also facilitated cleaning. 
lq-7 
Mixing Device 
The purpose of stirring the culture fluid is to achieve complete 
mixing of the reactor contents and effect adequate oxygen transfer. 
Various stirring devices, such as diffused aeration (317;321), spinning 
the reactor (319); stirring with a magnetic mixer, and motor driven im­
pellers (318,320) have been used and recommended. Since good results 
with mixing by mechanical stirring have been experienced (95; 13̂ h> 135 j 
318), this technique was chosen. The selected mixing device is shown in 
Figure 1 1 . The stainless steel shaft was cencered ir the reactor through 
a self-aligning pillow block with a precision ball bearing and was sus­
pended in the reactor by means of the collar to avoid grinding of the 
shaft against the reactor bottom. inside the reactor, the central 
alignment was maintained by passing the shaft through a radial ball 
bearing above the fluid level and allowing it to rotate within a Teflon 
collar inserted at the floor of the reactor. Tee radial ball bearing 
was housed in a Plexiglas housing mounted on a removable support resting 
on the reactor wall. The impeller, mounted on the stainless steel shaft 
with a stainless steel bolt, consists of a solid block of Plexiglas with 
two plane rectangular vanes fixed on two opposite vertical sides of the 
block at an angle of to the horizontal as shown in Figure 10. The 
reactor shaft was connected to a flexible drive shaft through a chuck. 
The stainless steel shaft, impeller, and the radial ball bearing en­
closed within the housing and support could be removed whenever the 
reactor needed cleaning. The drive consisted of a one-fourth horse­
power AC motor coupled to a zero-Max drive power block which allowed a 
range from very slow to high speed agitation. 
u8 
Mixing and Oxygen Transfer in Fmergeooies. In the event of a 
power failure or shutdown, mixing of the culture and oxygen transfer 
were accomplished by vigorous bubbling of compressed air supplied through 
the standby system sriown in Figure 12. As will be explained In the fol­
lowing section, the supply of compressed air also formed a part of the 
system for air supply needed n pressurize the feed reservoirs. The 
objective of one standby operation was to maintain continuity of opera­
tion at the prevailing dilution rate in the event of power failures. 
Temperature Control 
Various temperature Contri 1 systems were available commercially 
for automatic control and the selection was based on the temperature re­
quirements of the culture mass, the thermal resistance of the reactor 
material, the temperature of the immediate atmosphere and its nature of 
fluctuation, the tolerable eontrc1. cycle and thermal lag, and the 
availability and cost. 
Since the laboratory was air conditioned and. the heating and 
cooling rates were small, a thermocouple pyrometer with electric control 
was selected to provide satisfaet< ry control of temperature. A constant 
temperature recirculating water bath equipped with a refrigerator com­
pressor and a low lag heating coil which could control the temperature 
between - 2 0 ° C to 4 71° C was also chosen. As shown in Figure 1 3 , the 
reactor temperature was controlled by circulating water at 2 0 ° C from the 
Control cycle is the temperature excursion of the controlled 
mass about the control point. 
** 
Thermal lag is that condition whereby a change in the rate 
of heat dissipated at one point in the controlled system is felt at 
other points after delays in time. 
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FIGURE 12. AIR SUPPLY SYSTEM FOR SUBSTRATE AND NUTRIENT DELIVERY AND FOR DIFFUSED 
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HOFFMAN COMPRESSOR SCREW CLAMP 
FIGURE 13. CONTINUOS FLOW SYSTEM, TEMPERATURE CONTROL, DIFFU­
SED AERATION, DO MONITORING SYSTEM AND THE EQUIPMENT 
FOR PREPARATION OF SUBSTRATE FEED SOLUTION. 
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constant temperature water bath to the reactor bath in which the water 
level was kept constant due to the provision of a constant level type of 
syphon outlet, Back-syphonirig from the reactor bath to the constant 
temperature hath in case of any breakdown "was prevented by provision of 
a check valve. 
Air Supply 
Supply of air was needed mainly for two purposes: (l) to pres­
surize the nutrient feed reservoirs and (2) for oxygen supply to the 
culture when aeration by mechanical mixing was not adequate. The alter­
native system oh mixing- ;.mrl oxygen supply by diffused aeration and pres­
surizing the feed reservoirs by compressed air has already been discussed 
in a previous section. 
Figure 12 shows the system for supplying air to the nutrient re­
servoirs. The arrangements of lines, valves, and filters are identical 
for the supply of air to the nutrient (salts) and the substrate reservoirs. 
The pressure of the laboratory air supply was controlled, by a globe valve 
at the laboratory outlet followed by fine control by a needle valve be­
fore the air entered into the system. The air was cleaned, of oily ma­
terials, lubricants, etc. by first buhling through a water trap at the 
bottom of the air filter and then filtering out the particulate matters 
by passing it through the upper chamber of an air filter packed with 
glass wool. 
The air cleaning and measuring system was mounted on a hoard. 
The purpose of" the water trap in the air filter was to humidify the air 
and prevent evaporation loss in the reactor. The air supply to the reac­
tor was humidified by fine bubbling through a fine diffuser inserted, at 
152 
the inlet end cf the air pipe going into the lower chamber cf the air-
filler (see ? Vur-e- ik> inwove/, i " was5 necessary to "lean the lower 
chamber of the air filter of greasy deposits from time to time and re­
fill it with clean watez b< a cepn- of about one inch below the per-
. red d i s separating tie 1 . p glass wool chamber 0
Feed Eeservoirs 
Due to the heterogeneous nature of the microbial culture, it 
was not necessary tc sterilize the nunrie;-rs, However, fie sales and 
buffer solutions were separated from the substrate since otherwise there 
would have been growth of mico oga. isms inside of the nutrient reservoir 
aid the nutrient supply lines. Such growth may have resulted in clogging 
of ions and an irregular decrease and variation of the concentration 
•f cue : if. ri.e:ot feed solutions to tne reactor Furthermore, under the 
assumptions made in the derivation of soeady o'"o".e equcr :•' of Chapter 
IV, there should nod be any • rga;isms present in. the influent. 
h r&er to facilitate continuous operation with a minimum of 
interruption to the medium flow, provisions were made for duplicate sub­
strate and nutrient reservoirs<> T.ne capacity of each reservoir was 
based on the minimum expected dilution rate of one hour, a reactor 
volume of six liters, and a maximum frequency of two fillings of each 
reservoir in a 2k hour period0 Each reservoir was provided with a nu­
trient outlet at the bottom, a drain, an inlet at the top for filling 
wi~r prepared solution, ar air tube, and an air exhaust at the top. 
The end of the glass air pipe was gr and with carborundum stone to 
provide C'oe square edges required for discrete bubble formation and 
ecr o . \inuous and uniform rate of release* The flow of air into each 











DETAILS OF SUBSTRATE RESERVOIR 
FIGURE 14. DETAILS OF FEED RESERVOIRS AND AIR FILTERS 
air tube was controlled with ike aid cf a twc way ground glass stopcock 
or Hoffman screw clamp. 
The contents of ore substrate reservoirs were mixed with magnetic 
mixerso The sale scluhiejr f e nutrient reservoirs were mixed with 
v , o r driven shaft and paddles, A neo"-u"y seal,, designed for a maximum 
pressure d i f fe rent ia l of three inches of mercury, was provided around 
the print c f er-tr • • f t -e shaft into the nutrient reservoir . The de­
t a i l s of tne construction cf the nutrient reservoirs are shown in Fig­
ure Ik. 
: o r i t i : tu . . 'US F l e w System 
General Cons iderat o' v i s , 7 . e - * Lnuous flow system was comprised 
of the feed reservoirs , devices for delivery of the nutrients from the 
reservoirs to the reactc - at an accurately controlled but eas i ly variable 
rate, instruments for measuring the flow rates, and the medium feed l i nes . 
The desirable features ot the system included provisions for; ( l ) accu­
rate Control of the medium flow rate, (2) maintenance of a censtant flow 
rate over a prolonged per:• 3 operation, and ( 3 ' varying the flow rate 
with ease. 
Cons "a: o read Device i,-r l e l lve ry cf Nutrienos ana Substrates. 
Delivery of the nutmeats may be accomplished with the aid of pumps 
(usually a 'Micropurip'* it.r s i l l flrws less than, l o t l i f e r s per hour or 
"Per i s ta l t i c" pumps for higher f i w rates), but there are some serious 
disadvantages ass>- oiafei with this procedure. Apart from e l ec t r i c a l and 
mechanical breakdown, the main disadvantage c f the use of pumps is long 
a id sr.. rot-term iluctua tic as and delivery by discontinuous spurts at 
lower flow rates , Clogging cf tubes., inconsistent pumping rates at lew 
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1 w rates, and rapid wear of tubings are the problems encountered by 
many investigators using Peristaltic pumps (320,13^,135)° Adjustment 
and maintenance cf steady flow rates were difficult with Micropumps (320)„ 
it was felt that these factors would -amplify the oscillations of steady 
state commonly encountered with heterogeneous cultures. The use of 
pumps was therefore deemed unsuitable for this research. 
In order to eliminate the problems associated with nutrient supply 
by means of pumps, gravity flow systems have been used by seme investi­
gators (318^321,322), Gravity feed was considered preferable due to its 
simplicity, economy, minimum use of moving parts, and proven high degree 
cf reliability during automatic operation over a prolonged period of time. 
For this research, a gravity system was designed to operate on a hydrau­
lic principle which formed the basis of flow systems used by DeHaan and 
Winkler (321) and Flsworlh, et al. (318). 
The operational characteristics of the gravity flow system are 
v.i in Figure If A. A constant flow rate at Point 1 was attained by 
keeping the total hydraulic head at Point 2 constant during a steady 
state run. This was accomplished, by sealing the nutrient reservoir from 
the atmosphere and inserting an air tube (Tube 0) into the reservoir 
o • ugh an air tight joint. One branch of the air line (Tube A) extended 
into a column of water called the lute which was provided with an over­
flow at a fixed level. The depth of immersion, d , of Tube A could be 
adjusted with a capstan wheel (see Figure I5A and 1 5 B ) . The compressed 
air flowed into either Tube A or Tube 0 and. could be controlled by means 
of the screw clamps shown in the figures. The system was so operated 
that the air Tube A in the Lute was constantly purged with a steady 
1 5 6 
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stream of air bubbles at a flow rate of about 0 .2 liters per minute. 
The air tube in the Lute was threaded throughout its entire length 
with one-eighth inch pipe threads and could be lowered or raised by a 
fraction of a centimeter thereby changing the depth, d , by the same 
a 
amount. With the aid of the device, the flow rate could be changed in 
very small increments or decrements of a few milliliters per hour. To 
prevent the subsidence of the hute water level due to evaporation loss, 
water was allowed to drip into the hute at a constant but very slow rate 
of approximately 1 0 ml/hr to overcompensate the evaporation loss. The 
excess flow was discharged through a constant level overflow. The sys-
-x-
tem feeding the Lute operated in accordance with the Mariotte bottle 
principle. Capillary tubes were interposed in the feed line to make the 
flow control very sensitive. The details of construction of the Lute 
are shown in Figure 1 5 C . 
Hydraulic analysis (see Appendix II) of the continuous flow sys­
tem as schematically presented in Figure 1 5 A yielded the following equa­
tion for the influent flow rate 
Q. = K(d -z)* (126) r d 
where Q, = flow rate of feed solution into reactor 
d = depth of immersion of Tube A in the Lute (see Figure 1 5 A ) 
Mariotte bottle is an apparatus developed by the French scien­
tist Edme Mariotte (l620-l68U), co-discoverer of Boyle's law, to furnish 
a flow of water under a constant head equal to the height of the bottom 
of the adjustable vertical, tube above the level of the outlet. 
z - static head of outlet .. f Tube B ab< ve the open, end (outlet) 
of Tube C (see Figure 15A) 
K = a constant as defined in Appendix II 
Prom Equation 126 it was evident that, theoretically, a constant and 
steady flew rate could be obtained as 1 g as she depth of the immersion 
of lube A in the Lute and the elevation of the outlet of the feed line B 
were kepT c<: s ba 7 -
Medium Feed Lines; rubber, surgical blood transfusion type, and 
tygon tubings were tried as recommended by Herbert, er_ al. ( 3 2 0 ) , but 
trey were found unsuitable since they were clogged by air bubbles re­
leased from the substrate s.c Lutioi . The substrate solution in the re­
servoirs was supersaturated with air due t< re prevalance of higher 
than atmospheric pressure and ba - us bubbling. Upon emanating from 
the reservoir, the pressure gradually decreased to atmospheric pressure 
and tiny gas bubbles were released from ~._e solution and adhered to the 
walls cf the tubing. The tiny bubbles agglomerated into larger bubbles 
thereby blocking the flow and resulting in gradual reduction of the flow 
rate. An attempt to release air f r--m "re sclufic :i by heating the flow­
ing solution at the point of exit from ore reservoir and trapping tne 
bubbles ar. the *. p ..: a ve • • . :al ute • . "re medium lice proved unsuc­
cessful. However, it was disc., ve ed thai the accumulation of bubbles 
was markedly less io a section cf tie lire built with glass tubing. 
Therefore, medium lines consisting of glass tubing virtually eliminated 
* re problem of clogging -yf delivery lines with trapped bubbles. In the 
event cf any sign of air bubble formation, addition of antifoam (Anti-
foam C emulsion for ferment a o .0 pre. esses, Dow Corning Corporation, 
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Midland, Michigan) in a concentration of" two to four ppm ensured unin­
terrupted flow. Glass tubing also facilitated thorough cleaning by 
chromic acid solution,, Alternate lines were provided for medium flow 
between the flow-measuring device and the outlet to eliminate inter­
ference to continuity of flow in the event that the line in use was to 
be cleaned. The layout of the nutrient feed lines is shown in Figure 
1 3 -
Measurement of Flow Rates. The constancy of the nutrient flow 
rate was continuously indicated by a laboratory flowmeter (Flowrator 
with one glass and one stainless steel ball float, Fisher and Porter 
Company, fiatboro, Pennsylvania) inserted in the medium flow line. The 
flow rate could be obtained from standard calibration curves after cor­
rection for deviations of fluid temperature, viscosity, and specific 
gravity from the standard conditions of calibration. 
The resistance to flow through the capillary of the flowmeter 
changed due to deposition of very thin layers of slime growth frequently 
invisible to the naked eye. Coupled with the altered volume, surface 
area, specific gravity, and drag characteristics of the ball floats due 
to slime deposits, this resulted in erroneous flowmeter readings for 
known flow rates. It was therefore decided to measure the combined flow 
rates of substrate and nutrients by an arrangement such as the one shown 
in Figure 1 6 . The flows of substrate and nutrients were received in a 
trough ulned temporarily below the outlets, and the combined flow was 
diverted through the funnel and tubing for collection in a volumetric 
flask over a timed interval. The flowmeters mainly served as indicators 





FIGURE 16. EQUIPMENT FOR DIRECT MEASUREMENT OF COMBINED FLOW 
RATES OF INFLUENT SUBSTRATE AND NUTRIENTS. 
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the influent flow caused by the above method of influent flow measure­
ment, flow rates were also determined by collecting the effluent in a 
volumetric flask for a known period of time in a manner shown in Fig­
ures 13 and 17. 
Oxygen Supply to the Reactor 
Oxygen supply to the culture was effected by oxygen transfer by 
surface aeration due to the violent mixing conditions. At high dilution 
rates (i.e., at higher specific growth rates), the surface roue ration 
was not sufficient to satisfy the oxygen utilization rates of the cul­
tures in cases where a high influent concentration of substrate with a 
resulting higher culture density was used. In such cases, surface 
transfer was supplemented with diffused aeration. When power was un­
available, oxygen was supplied entirely by diffused aeration. The sys­
tems for providing oxygen have been discussed in the preceding sections 
and are shown in Figures 12, 13, and 17• 
As it was desirable to maintain DO levels upwards of one ppm (6l) 
and since DO levels were also used to indicate steady state and transi­
ent conditions, it was decided to monitor and record DO levels con­
tinuously. A lead-silver galvanic cell oxygen analyzer developed by 
Mancy .and Westgarth (323) was used as the oxygen sensor. The current 
output from the galvanic cell was amplified through an amplifier (Type 
98 DC amplifier 1-10 (j,a, Rustrak Instrument Company, Inc., Manchester, 
New Hampshire) and recorded continuously with a recorder (miniaturized 
automatic chart recorder, one ma, Rustrak Instrument Company, Inc., 
Manchester, hew Hampshire) at a chart speed of one inch per hour. The 
oxygen monitoring and recording system is shown in Figure 13. 
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In microbiological and fermentation research, foaming has been 
traditionally controlled by the continuous or intermittent addition of 
antifoams to the culture through electrically controlled metering de­
vices. A discussion of foam control with antifoams appears in a review 
by Eats-worth, et al. (318)• 
Due to the absence of diffused aeration for oxygen transfer and 
mixing, serious foaming was not encountered during this research. The 
extent of foaming varied with detention times and culture density being 
highest at higher detention times. The accumulated foam could be satis­
factorily removed by suction from time to time and the addition of 
antifoaming agents was not needed. The equipment for aspiration of foams 
is shown in Figure 18. 
pH Control 
The maintenance of pH at the selected value or range can be ac­
complished either by buffering the medium (13^,135) or by using automatic 
pH control as discussed by Callow and Pirt (32^) and lovelock and Nicho­
las (32f). At the cell concentrations and metabolic rates encountered 
in this investigation, the pH value of the growth medium could be main­
tained at the desired range by suitably buffering the medium. The de­
sign of the buffer system is presented in Chapter VII. 
Operation of the Continuous Flow Reactor System 
Figure 17 is a schematic diagram of the completely-mixed continu­
ous flow reactor system. The following stepwise procedure for startup 
and maintenance of continuous flow was employed. 
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1 . Fill substrate and nutrient feed reservoirs. (Procedures 
for preparation of batches of substrate and nutrient solutions and fill­
ing the feed reservoirs are given in Chapter VII.) 
2. Start drip-feeding the Lutes with tap water at about 10 ml/hr 
to compensate for evaporation loss and to maintain constant water level 
without unduly disturbing the water surface. 
3. Clamp off the inlets and air exhaust outlets of substrate and 
nutrient feed reservoirs. 
k. Allow the feed lines from the feed reservoirs to the reactor 
to be filled up with solutions, clamp to stop flow, adjust line outlets 
at suitable elevations above the reactor, and clamp to fix the selected 
position of the feed line outlets. Measure the heights of lift, z, for 
the substrate and nutrient delivery. 
5. Adjust the volume of the reactor contents to the desired value 
by raising or lowering the overflow cup and then fixing it at the desirec 
level by clamping the trussed support to the reactor wall. 
6. Adjust the depths of the air tubes in the Lutes such that the 
depth in each Lute is about half of a centimeter larger than the corres­
ponding lift, z. 
7- Temperature control: 
a) adjust coarse control of the thermoregulator of the water 
bath at the desired value of temperature; 
b) begin recirculating water from the constant temperature 
water and back to the constant temperature water bath. 
Adjust the level of the syphon outlet from the reactor 
bath to obtain the desired water level in the reactor 
bath; 
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c) manipulate the fine control of the fchermoregulator to 
arrive at tne desired water temperature of the reactor 
contents. 
8 . Start mixing the reactor contents a+: a suitable level of 
agitation tc provide complete mixing. 
9. Suspend the DO probe into the culture and begin recording 
the DO, it foe DO level is below 0-5 mg/Xj provide supplemental oxygen 
transfer by diffused, aeration. 
10= Open valves Vh through of rue air supply system (see Fig­
ure 17) keeping the others closed and allow bubbles to escape from the 
air tube in tne lute. 1^ should be emphasized thai attainment of steady 
flow rate with the aia of the constant head device depends very much on 
proper operation of the Lute, It is important to keep the air flow 
rate at the minimum, but sufficient for tne air pressure to just exceed 
the water pressure at the point of bubcle formation. Bubbling should be 
characterized by discrete f. rmaticn and escape cf a series of bubbles 
in success!: r. Satisfactory 0 • u.-. 1 of air flow rate is achieved by 
throttling the needle valve0 High air flew rates, causing a rapid stream 
of bubbles escaping at -the e:v n c f the air cube in the Lute, produce pres­
sure fluctuations which imperil the constancy of the flow of bubbles 
from the air tncc in the feed reservoirs, ultimately manifested in oscil­
lations cf flow. This pr tleir. has teen discussed at length by DeHaan 
and Winkler(321). 
1 1 , a J ope:. Screw Clips VQ and V" in the substrate feed line 
and St pock V„ in \ ie air tube in Substrate Reservoir 1 
to allow flow ' ur, Adjust depth of air tube in 
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Lute to achieve the desired flow rate. Note the flow­
meter reading; 
b) use same procedure as in 11(a) to obtain the desired rate 
of nutrient flow. 
Maintenance during continuous operation: 
a) keep Lute water depth constant. Check lines feeding 
water to Lute for clogging. Refill bottles supplying 
water to Lute; 
b) check for clogging of substrate and nutrient feed lines 
and clean as necessary after switching to the alternate 
line;; 
c) check flowmeter reading, DO, pH, and temperature for 
constancy and make adjustments if necessary. Remove 
any foam by aspiration; 
d) check flowmeter readings against direct flow measure­
ments and clean flowmeter if readings do not check; 
e) to supply substrate from the alternate Substrate Re­
servoir No. 2, close ground glass Stopcock V (assuming 
Reservoir No. 1 was operating) and Screw Clips Vg and 
V . Open ground glass Stopcock Vf^ and Screw Clips V-^ 
and V ^ readjusting Lute water depth as necessary to 
maintain the existing flow rates. The details of the 
alternate feeding system were made very similar to each 
other so that the readjustment of depth of air tube in the 
Lute was accomplished by only a few turns of the capstan 
wheel. The interruption in the continuity of constant 
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flow rate was not more than one minute. Diversion of 
nutrient supply from the alternate nutrient was done 
in a manlier similar to the ahsve procedure. 
FIGURE 19. THE CONTINUOUS CULTURE APPARATUS 
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CHARTER VI 
DEVELOPMENT OF ANALYTICAL TE(,'ENIQUES 
Introduction 
While the detention times in the continuous flow reactor could 
be kept constant by following the procedure outlined in the last sec­
tion of the preceding chapter, the course of the steady state runs was 
to be followed by measuring the substrate and the organism concentra­
tions in the reactor. Since there are etc sat enact < ry standard methods 
for determinations of active or viable organism concentrations, develop­
ment of a satisfactory procedure for such measurements was necessary. 
It was also intended to develop a simplified and quick procedure for 
measurement of glucose and galactose concentrations ranging from one 
mg/i, ci" less to about 3 0 0 mg/i. This chapter is devoted to the selec­
tion of suitable analytical techniques, discussion of the theoretical 
basis of uhe test techniques, and the development of detailed procedures 
for performing the selected tests. 
Development of an Analytical Procedure for the 
Measurement of Organism Concentration 
General Perspective 
A tacit assumption involved in the mass balance approach to the 
derivation of the continuous culture theory was that the cell population 
in the reactor was biochemically active, i.e., they assimilated nutrients, 
for: (l) synthesis of cellular materials, and/or (2) the energy of 
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maintenance. Since the equations derived in Chapter IV theoretically 
describe steady state concentration of biochemically active biomass, 
if is desirable to adopt a technique of measurement which would differ­
entiate between active and iractfve biological solids in tne reactor. 
Inactive solids would Include any cell debris and other filterable 
solids of organic or inorganic character. The word active is preferred 
to the word viable since the latter terminology is usually used in 
reference to microorganisms which do not multiply due to environmental 
factors not conducive to cell division. Such non-viable cells do, how­
ever, retain the ability to degrade substrates for deriving energy of 
maintenance during the stationary or declining growth pb as e as the work 
of hostgate and Hunter (k2) and Harrison (53) would suggest. During 
the early lag phase there is virtually no cell division, but this is 
not to be construed as lack of any biochemical activity in the cell 
since the sfzes of the cells increase (13) gradually in preparation for 
eventual fission into two daughter cells. hearing this in mind, a few 
general remarks may be made about the techniques employed for estimation 
of active organism concentration. 
On Techniques for the Estimation of Active Biomass Concentration 
The volatile solids content (32?) which is very often used in 
sanitary engineering for estimating biomass concentration is not neces­
sarily indicative of the active fraction of the total solids (328) since 
all volatile matter, organic or inorganic, would be included in the mea-
Tempest, et al. (326) have mentioned that living cells may be 
non-viable in the sense thai they are capable of carrying out many 
of their metabolic processes but are not capable of reproducing 
themselves. 
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suremenf irrespective of their biological or non-biological origins. 
An apparently direct method, which is often used; involves the 
determination of the number Of active cells per unit volume (cell con­
centration) by the standard plate count (327)» Criticisms of this tech­
nique include the fact that the data obtained only give the number of 
cells capable cf forming a colony on agar media under an environment 
perhaps very different from those prevailing in the culture, As pointed 
out by Monod, many organisms are extremely sensitive to sudden change in 
environment and often perish during and after transfer to the new en­
vironment o The accuracy cf the data depends on the assumption of one 
cell forming one colony which of course is true only when the cells do 
not have any tendency to clump, and the cell suspensions used for plat­
ing are sufficiently dilute* To obtain mass density, the cell concen­
tration has to be multiplied by the bacterial density which varies from 
one phase to another of the growth cycle (13,230,231)• The procedure 
is tedious and involves long incubation periods. Quicker procedures 
with short incubation times have been developed by Powell (329) and Fung 
and Kraft (330). However, these latter methods would not wcrk if a 
1, ng lag is involved, and the results obtained would be of limited sta­
tistical accuracy, 
Perhaps the most widely used method in quantitation of microbial 
growth is based on the determination of transmitted light through the 
cell suspension., Although the method is convenient and quick, a direct 
estimate of mass concentration is not possible unless a relationship 
between percent light transmittance and bacterial density is establishedo 
Tne light absorbing and light scattering properties of bacterial cultures 
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change from one growth phase to another cine to change in size, proto­
plasmic composition, and density of the cells. It is therefore doubtful 
that a constant linear relationship would exist between the optical den­
sity and the mass concentration at all specific growth rates. Also, 
meaningful measurement of optical density of flocculent suspensions is 
almost impossible due to the continuous change of physical properties 
of the suspension due to settling in the measuring cuvettes. For highly 
dispersed growth, ic might be possible that optical density bears a 
linear relationship with bacterial density throughout the exponential 
phase. In any event, this measurement does not differentiate between 
the living or the dead or even inert colloids. 
A more rational approach is to measure some physical, or biochemi­
cal, property of the culture. The selected parameter should definitely 
be indicative of the dynamic biochemical activities of the cell popula­
tion and should be sensitive to changes in growth rates of the culture 
in such a manner that it bears a constant proportionality to mass con­
centration of cells at all growth rates. Respiration rate and concen­
trations of various cellular constituents have been thought to fulfill 
this requirement. 
The respiration rate of a sample of biological culture under con­
ditions of non-proliferation, often referred to as the endogenous respi-
ration rate, has been used as a measure of active cells in the culture 
(328). The technique appears to have sound biochemical basis, but mea­
surement of the parameter in the laboratory by the manometric or the 
polarographic technique (327) is extremely time consuming especially 
when a large number of samples are to be analyzed routinely. In the 
manometric technique; the respiration race is measured indi rec t ly from 
the decrease in oxyger par- :.al p-essure in T h e gase-,us phase rather than 
from tne decrease of exyger a n i v i t y in the l iquid phase, Accordingly, 
the data obtained may be erroneous i-t cases where the rate of oxygen 
absorptioa from the gas to l iquid p vase i s lower than the oxygen uptake 
rate oi the cel ls (321;,. : , t , . wke.. t i e physical oxyger transfer ra^e 
becomes the cor -. . lling parameter. In s t i l l another technique of mea­
surement of end "gene us respiration ra- e automated versions of which are 
row in use in seme fu l l - sca le treatment plants (332,333)) a kn.wii quan-
» :*y of b io log ica l solids i s tTi'-gferred from the reactor to an air t ight 
and s t i r red vessel equipped with an oxygen sensor., The DO depletion due 
to respirat ion in the i n i t i a l growing conditions i s then measured during 
an accurately recorded time interval . l i e respira4" ion raT:e is determined 
in mass of oxygen u t i l i zed per unit of time per unit of biomass used for 
t he exp e ri ment. 
Cellular componentwhich nave beer: used as measures of act ive 
biomass, can be c lass i f ied into T W O main groups storage materials 
(p lysacfnarides, p.. 1/nydr•.xybu: yra-e» glycogen, and l ip ids) and basal 
materials (nucleic acids, proteins, and enzymes). The ce l lu la r contents 
cf the storage materials and nucleic acids vary widely with change in 
tne growth rate arc chemical, pnyoi a l : and physico-chemical factors of 
the environment (230-23^)- A - -sea r relationship betweec dry c e l l 
weight and tee quarto y of any of the comp cert s c a r e : be established 
for a l l growth rates since variat ion of the bacter ia l density follows 
a pa t +e"n different from thai ci these ce l lu lar constituents. Herbert 
(230) pointed out that of a l l the c e l l constituents, protein content per 
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cell varies the least from cell to cell or from one growth rate tc 
another. This fact has led to the adoption of protein content as a 
measure of active biomass by some investigators. Use of organic nitro­
gen content of cultures as an indicator of protein content and viable 
biomass concentration has been said to be satisfactory in some instan­
ces (38)- However, the test suffers from the disadvantage that nitrogen 
Content of dead and inactive cells and cell debris as well as non-
biological materials would be measured. Nitrogen content higher than 
normal would be mea.sured when excess and inert nitrogen containing com­
pounds accumulate in cells under carbon limitation or other limiting 
conditions in the environment. 
Apart from the theoretical reasons, the determination of the con­
centration of any cellular component is time consuming and in some in­
stances involves the use of complicated procedures and equipment. Mea­
surement of proteins, RNA, DNA, or respiration rate was not preferred 
in this research in view of the theoretical uncertainties as well as the 
labor and equipment requirements for daily analysis of a large number 
of samples. 
On Enzyme Content as a Measure of Active Biomass. There exist a 
number of reports indicating that cellular content of an important basal 
material, the enzymes, bears a linear relationship with the active bio­
mass concentration of the cull-"ire. Such observations are compatible with 
the reports that the activities of a number of synthetic as well as 
-)(. 
Enzyme activity has been defined in various ways. Monod (3^), 
Jacob and Monod (25), Spiegelman (128), and others have used this term 
to mean total content of enzyme protein of a culture. lamanna and J al-
lette (13) have defined enzyme activity as the initial velocity of the 
reaction catalyzed by a given am.ount of enzyme added to a subs orate 
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degradative enzymes such as the "glucose enzymes (glucozymase)" (33̂ f> 
335); nitratase (336), tetrathionase (337)> amino acid decarboxylase 
(338)y and "galactozymaze" (3^,128) increase in an "autocatalytic" 
fashion yielding an S-shaped curve similar to the microbial growth curve. 
While a strictly theoretical argument in explanation of this phenomenon 
has not been advanced as yet, at least to the knowledge of this author, 
it seems logical that enzymes should conform to the same time-concentra­
tion relationship as that describing the growth of a cell or population 
of cells since the latter property is only an expression of the concerted 
activities of many enzymes, honed (3̂ f) has aptly summarized the situa­
tion with the following statement: 
We have seen that the growth of individual cells has been found to 
be exponential which could be most readily understood as resulting 
from an inherently autocatalytic growth of each of the cell's popu­
lation of specific molecules . . . increase of each "strain" of the 
cell's population of specific enzymes follows autocatalytic function. 
The word "autocatalytic" was not used to connote "self-reproducing 
Curve 1 of Figure 20 shows the increase in activity of the galactose en­
zymes in batch culture to be following the typical course of bacterial 
growth. As mentioned above, other enzymes are known to exhibit similar 
behavior. 
(continued) 
solutions of given concentration. Frequently enzyme activity is ex­
pressed as the micromoles of substrate transformed or micromoles of 
product formed per minute per microgram of enzyme or milliliter of 
enzyme solution (3^+0). Sometimes activity is expressed in units which 
are defined differently. Rose (339) defined one unit as the amount of 
enzyme which produces one micromole of a reaction product per minute 
under a given standard assay condition. Specific activity may mean the 
number of units per milligram of protein. Whatever the definition, 
activity is proportional to the quantity of protein fraction (apoenzyme) 
of the enzyme. 
ITT 
LEGEND: 
CURVE I - ACTIVITY OF GALACTOSE ENZYMES 
(ACTUAL DATA OF SPIEGELMAN AND 
DUNN (128)). 
CURVE 2 - BACTERIAL SOLIDS (SCHEMATIC) 
TIME 
FIGURE 20. SCHEMATIC COMPARISON BETWEEN TIME COURSE OF 
INCREASE IN THE ACTIVITIES OF GALACTOSE ENZYMES 
AND BACTERIAL SOLIDS CONCENTRATIONS. 
I t may be argued that enzymatic a c t i v i t y may not follow a mathe­
matical function similar to that c f growth in the stationary and declin­
ing phase. However, available evidence does not provide much corrobora­
t i o n From the results of their studies with starved bacter ia l culture, 
Posfgate and Hu.ter (42) have concluded; 
In cur experiments ' g lycero l dehydrogenase''' and "glycerol dehydrogenase' 
a c t i v i t i e s declined pa ra l l e l with v i a b i l i t y . This parallel ism could 
imply chat the relevant enzymic a c t i v i t i e s remained unchanged unt i l 
the organism died, when they be name negligibly small. 
An important conclusion which may be drawn from the above observa­
tions i s that enzyme content i s d i rec t ly proportional to the quantity 
•_t biochemically active c e l l mass at a l l specif ic growth rates , although 
there do not exis t a very large number of reported studies in support of 
this statemei *:. Apart from this indirect conclusion of l inear re la t ion­
ship on the basis of parallel ism between growth and enzyme ac t i v i t y , 
direct observations of such relationships nave also been reported. 
Hershey and Bronfenbrennar (341) observed that enzymatic a c t i v i t y of 
bacter ia l protoplasm per uri.it of dry weight was the same during the 
phase of adjustment and exponential growth* Monod, et a l . (3^2) and 
Colo. (3^-3; nave shown that the rat io of (3-galactosidase synthesized to 
the amount of new growth within the same time (defined as the d i f fe rent ia l 
rate of synthesis) remained constant during the growth cycle . Benzer ( 2 0 8 ) 
made a series of o b s e r V a tos similar to the above authors. Furthermore, 
since f rmatior of act ive of-mass i s a resul t cf enzymic a c t i v i t y , the 
constat t -i proportionality between clem can be expected to remain the 
same in baton or continuous cul t ivat ion thus allowing the usage of the 
batch cal ibrat ion in interpreting the enzymatic a c t i v i t y in continuous 
cultures in terms c f micco t i a l a c t i v i t y . 
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Critical considerations of the available techniques for measuring 
active organism concentration, in line with the above discussion and in 
terms of the reliability and simplicity of the test, led to the selection 
of an enzymatic technique for the determination of active biomass con­
centrations in this research. Determination of minute quantities of the 
enzymes is based on simple ana sensitive analytical techniques. Photo­
metric analyses are the most commonly used techniques due to the extremely 
small quantities of enzymes present in the sample. 
On the Optical Techniques of Enzyme Assay 
Ultraviolet Spectrophotometry. The optical test for enzyme ac­
tivity, which has proved to be of great importance in biological re­
search, was introduced by Warburg (3^)« later Bergmeyer (3^5) showed 
that this method can be applied to aerobic and anaerobic mixed cultures 
such as those encountered during stabilization of organic wastes. 
The test makes use of the light absorbing properties of the 
hydrogen-transferring enzymes which utilize as their coenzymes, dinucleo-
tides (nicotinamide adenine dinucleotide (NAD+)) one of whose bases is 
the pyridine derivative of nicotinamide. The function of the aromatic 
pyridine ring is the reversible uptake of hydrogen. Upon accepting 
hydrogen, the pyridine ring of NAD+ is reduced to the dihydro form hav­
ing a broad absorption maximum at 3̂ -0 m|i in contrast with the pyridine 
system which does not absorb at that wavelength (30 ,3^) - The absorp­
tion peak of NADPH occurs at 366 mji (2T0) . 
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Recognizing this p v. per •5 . E the pyridine nucleotides, Warburg (3Mf) 
had recommended measurement of the increase in extinction^ AA, per unit 
time at the proper wavelength for determination of the enzyme activity. 
Light ats. rption follows Beer' s law and "hue quantify of enzyme can be 
determined from the following simple equate-- •. 
umoles cf denyac.geca.se - — --—— (,12bh 
where A^. n v and Kxhjyoa a r f e 4 - e absorbances at 3̂ -0 :lu- and 3^6 mo., 
respe tively 
e is 4he molar absorbancy coefficient^ and 
d is the light pa u .° 
Kocze (2kC) has discus sea â  le gtl tl e met?, ds of determination 
- denydrogenases and various other enzymes in which the unique light ab 
s- rcing properties of the pyridine system are utilized. For enzymes 
which are u *• cxln.,recc:"ases . -.he pre eelore calls for selecting an ap-
pr-p;5~e seque; "-e or. enzyme ear-ions in which the enzyme of interest 
:r a participant along witi an "auxiliary" dehydrogenase with NAD+ or 
iMAhr o The auxiliary detycr, ge. a: e a.d substrates are added in excess 
a the reaoti' n mixture sc that tl e enzyme tc be assayed controls the 
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formation of NADH or NADPH, the extinction of which then becomes a 
measure of the activity of the given enzyme. 
Visible Spectrophotometry. Visible spectrophotometric techniques 
involving the use of aromatic compounds as hydrogen acceptor have been 
developed taking advantage of the reducing properties of NADH and NADPH. 
Apart from color formation, this technique has the added advantage of 
measuring both types of pyridine dinucleotides at the same time. Methy­
lene blue has been used as hydrogen acceptor for the dehydrogenases and 
as an indicator of bacterial activity in milk sanitation for many years. 
7 7 a suspension of cells respiring in the absence of oxygen contains 
methylene blue, the dye acts as a hydrogen acceptor for the dehydrogenases 
of cells and in so doing the methylene blue is reduced to a colorless 
leuco-form and the extent of reduction as measured by the extent of dis­
coloration is a measure of the dehydrogenase activity ( 1 3 , 5 2 ) . The 
obvious disadvantage with this dye is that the colorimetric measurement 
of the intensity of the dye solution is an indirect measure of the dehy­
drogenase activity, and most importantly, the blue color tends to return 
on the slightest exposure to atmospheric oxygen during spectrophotometric 
measurement thus jeopardizing any accuracy of the data. 
The tetrazolium salts first synthesized by Pechman and Runge (3^+6) 
have the advantageous characteristic, unlike methylene blue and other 
indicator dyes, that they are one of few organic compounds which are 
colored in the reduced state. Kuhn and Jerchel (3^7)? while working on 
an improved procedure for the synthesis of tetrazolium salts, called at­
tention to the fact that dilute solutions of triphenyltetrazolium chlo­
ride (colorless) stained yeast, garden cress, and bacteria due to the 
1.82 
reduction -or the dilute colorless s; lution to a red compound tetraphenyl-
formozan. Matt son, et al. (346) and Jensen? et al* (34-9) recognized that 
tne colorless form of the t e-hr azolium salt Is reduced through the cata­
lytic action of the pyridine nucleotides of dehydrogenase, since the 
redcx potentials of most of these enzyme systems fall below (-) 0„08 
v..los , the recto*, p. tei rial of 2,3>5-triphenyltefrazolium chloride (TTC) 
a" pH 1.0 as measured by Jerooel ard Mchle (350)* The potentials of the 
two redox systems, E-NAUH/E-NAD' tH and TTC/TF, are such that a spontaneous 
oxidaticn-reductioE reaction is prssrble. This latter aspect will be dis-
•u- sea in more detail in the foil'wing sections * 
Jensen, et al, (349' reported mat malic dehydrogenase, (3-hydroxy-
butyric dehydrogenase, lactic acid dehydrogenase; glucose dehydrogenase, 
and dehydrogenases of plant seeds and embryos could reduce TTC. Kuhn 
act Jerchel (347.) found that glucose dehydrogenases of yeast and bacteria 
ard dehydrogenases of plants reduced. +he tetrazrlium salt., Matt son, et 
al, (348) observed that TIC stained viable seeds ard plant tissues red 
as a result of reduction by the dehydrogenase system present. 
'"}- tne Dehydrogenase Tes^ for Measuring Biochemically Active Biomass 
Concentration 
The versatility of the tetraz< lium salt as a hydrogen acceptor for 
a large number cf dehydrogenases in yielding bright red colored solutions 
for spectrophotometry measurement, and the spontaneity and simplicity 
ore coupled oxidation-reducrbion reaction led Lenhard (351) and Buck­
s' eeg and Thiele (352) tc adopt dehydrogenase activity, as assayed, by the 
reduce-0 of TTC, to be a measure cf the "general biological activity. 
Ihe authors have reported in a series of several papers (353-362) that 
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the de hydre genas e activity^ as measured by the amount TTC reduction 
gave satisfactory measures of biological activities in sewage* sludge, 
bottom deposits, and treatment plant effluents, oord, et al. (3r^3) 
concluded as a result of .laboratory and field investigations in existing 
waste treatment plants that TTC-measured dehydrogenase activity repre­
sents "true sludge activity" and bears a direct relationship with the 
microbial respiration rate and plant loading factors. An advantage of 
tne use of TTC is due to the fact that growth inhibitors and toxic sub­
stances do not interfere with TTC reduction by available dehydrogenases 
on du-rely slow down the reduction reaction (361-)- 'foe latter effect 
has formed the basis for use of the dehydrogenase test as a criterion 
for the determination of toxic effects in biological purification 
systems (360)• 
Thermodynamic and. Biochemical Bases of the Dehydrogenase Test 
Numerous efforts have been expended by the proponents of the 
dehydrogenase test to develop the test techniques; however, little has 
appeared concerning discussions on the theoretical basis of the test and 
its thermodynamic and physiological limitations. 
in aerobic biological cultures, oxidation (regeneration) of the 
reduced nicotinamide dinucleotides (NADH^ or IMCPH ) of many dehydro­
genases is accomplished by the enzymes (flavins, auinones, and cyto­
chromes) of the respiratory chain. The oxidation is carried out by a 
series of coupled redox systems (see Figure 21) with oxygen as tne final 
electron acceptor. Although dehydrogenases do not involve oxygen directly, 
they act upon it indirectly through the flavoproteins and cytochromes 







DESIRABLE CONDITIONS FOR T T C REDUCTION 
1. E ( T T C * T F ) < E(FP-»FPH 2 ) 
2. E(ENZYME-NADH-*-ENZYME*NAD > E(TTC-*TF) 
OXIDATION OF NADH OR NADPH IS MADE TO PROCEED VIA ROUTE 2 BY ELIMINATING 
MOLECULAR OXYGEN FROM THE REACTION MIXTURE AND BY PROVIDING LARGE EXCESS 
CONCENTRATION OF T T C . 
TRIPHENYLFORMOZAN (TF) 
RED. WATER INSOLUBLE 
CO 
FIGURE 21. ALTERNATIVE ROUTES OF OXIDATION OF DEHYDROGENASES IN THE PRESENCE OF T T C . 
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this indirect path of hydrogen or electron transfer are such that the 
coupled oxidation-reduction reactions proceed spontaneously (30)- In 
the dehydrogenase test, the redox system TTC/TF is placed parallel to and 
In competition with the respiratory enzymes. Being the first oxidative 
system in the respiratory chain, the flavoproteins are in direct compe­
tition with the TTC for accepting hydrogens from NADH^ or NADPH^. If 
the standard half-cell redox potentials (E°) at pH 7-0 of the half-cells 
pared, it is evident that hydrogen transfer through the flavoproteins 
and the other enzymes in the series is more spontaneous and preferable 
x-
than reduction of the TTC. However, half-cell potentials (b) rather 
than standard half-cell potentials (E°) in non-standard conditions should 
be compared. 
Despite this apparent thermodynamic disadvantage, the reaction 
conditions can be adjusted by manipulation of the p[[, temperature, and 
concentration of TTC (which is she oxidized form of the half-cell TT.G/TF), 
so that the half-cell potential of ITC/TF (as calculated loom the .'-Jemst 
equation ) favors the reduction of TTC. An important condition, apart 
from competition with the flavoproteins, is that the dehydrogenase sys­
tem must have a redox potential higher than that of the TTC/ib system 
(e.g., more than 0.08 volts under standard conditions of temperature and 
x-
E is given by the Nernst equation; 
[ oxidized form] 
[ reduced form] (129) 
where F = 9^0500 coulombs/equivalent 
R •• 8.314 Joules deg"1 mole-1 
n = number of electrons transferred 
pressure) in order for it to be oxidized by IK'. Thus, the glutamic 
dehydrogenase system, having a redox potential of Oh03 volts, cannot 
reduce TTC (3^9)• T ^ e two important conditions for reduction of TTC can 
now be summarized as follows: 
For formation of tetraformozan and red color, 
E/TTC-TF - E /FF-FFH 2 ( l 3 0 ) 
1 > E (l^l) ape enzyme : WADH^apoenzyme ; NAD TF-̂ TTC v D ' 
The formation of tetraformozan depends on the accessibility of 
tne various dehydrogenases to TTC, Whether transport of TTC into the 
cell is accomplished by passive diffusion or via any permease type media­
tion remains a moot quest ion* It is only known that the reagent can per­
meate into different parts cf a cell given, sufficient time. Since TTC 
was observed to be reduced by many of the enzymes of the tricarboxylic 
cycle (3̂ +9) resident within the mitochondria (30), it is apparent that 
the reagent can be transported across the mitochondrial membrane even 
'ugh ii is impermeable to many enzymes,. However, penetration into the 
.chondria does not guarantee formation of TF, since the respiratory 
enzymes which are also located in mitochondria may interfere with the 
reduction of TTC Many of tne dehydrogenases outside the mitochondria 
cannot pass through tne mitochondrial membrane and, in their reduced 
form, they do not relinquish hydrogen through the respiratory chain.. The 
dehydrogenases of anaerobic metabolism and the RAD.P linked dehydrogenases 
used in the synthetic pathways are examples,, Some of these enzymes are 
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located on the cytoplasmic membrane or the soluble portion of the cyto­
plasm (365) and are more accessible than the mitochondrial dehydrogenases. 
Reduced, forms of these enzymes can easily relinquish hydrogens to TTC 
provided Equation 1.31 is satisfied. These reactions are free from inter­
ferences by the respiratory enzymes. Evidence of extra-mitochondrial 
dehydrogenases having been oxidized by TTC is furnished from the studies 
of Malatyan and Biryuzoza (3'co) who observed deposition of formozan. on 
the dehydrogenase surfaces. 
ft can be concluded 1'rom the above discussion that some reduction 
of TTC and formation of color would take place despite any transport, 
limitation and interference by oxygen simply because of the capability 
of TTC to "diffuse" into different parts of the cell and react with extra-
mitochondrial dehydrogenases. Nevertheless, the intensity of the color 
may not be reproducible and consistent with oxidizable dehydrogenases 
when such limitations and interferences exist. 
Under conditions of transport limitation, the measured activity 
in terms of To formation may be conditioned by the accessibility of the 
enzymes instead of being determined by the amounts of enzymes present. 
To alleviate this problem, the standard techniques of enzyme assay In­
volve disruption of the cells and release of the enzymes by ultrasonic 
or mechanical disintegration (3^0,52) or explosive decompression (367, 
368). The last technique, which has been claimed to be advantageous 
over the other two, involves pressurizing the cell suspension with 
compressed nitrogen during a pressure cycle and subsequently rupturing 
An apparatus called the "Cell Disruption Bomb" is now commer­
cially available (360). 
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the cell by explosive decompression. The percentage of cells ruptured 
is reproducible from test to test and any error due to variation of this 
factor is avoided* Cell rupture results in an increase of measured ac­
tivity (52), increased accuracy of optical measurement, and elimination 
of the possibility of TTC-transport limitation to have any bearing on 
the results. 
The test procedure proposed by Lenhard and others provides a 
test environment almost ideal for unhampered growth and multiplication 
of the organisms in the sample during the reaction period. This would 
introduce a positive error due to inclusion in the measurement of the 
activities of new enzymes formed in existing cells cf the sample as well 
as the enzymes of the progeny. Though not recommended by the above 
authors, in standard enzyme assay procedures, growth is prevented by 
centrifuging the cell suspension at two degrees Centigrade, suspending 
the pellet in a buffer solution, disintegrating the cells at temperatures 
not exceeding eight degrees Centigrade, and finally recovering the enzyme 
suspension by separating it from the cell debris by centrifugation (2k0). 
To prevent the occurrence cf any cell division, lenhard (359) and 
Ford, et al. (363) have recommended a reaction time of 15 minutes since 
this duration is shorter than most generation times encountered. It is 
to be noted that, regardless of the generation time, some of the cells 
would divide during this 15 minute period as the process of cell division 
would have been conceivably initiated in these cells before being drawn 
into the sample. 
lastly, it should be mentioned that the measurable quantities of 
dehydrogenase per milliliter of culture volume are a rather unique 
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quantity, the magnitude of which is dependent on the physical, chemical, 
and biological factors of the culture environment as "well as the details 
of the techniques of measurement. Any correlation established for a 
particular system is not ordinarily expected to be valid in other cases 
and should be used with caution and scientific judgment. 
Design of the Dehydrogenase Test Procedure. It follows from the 
Nernst equation that a lower value of \i/ , which is desirable accord­
ing to previously stated information of Conditions 130 and 131 would result 
cine to the increase of temperature and the molar concentration of TTC. 
A lower value of the half-cell potential would mean increased rate of 
production of formozan as observed by lenhard (359) a n d ford, et al. (3cf3)-
A temperature of 37°C is suitable since higher temperatures do not show 
any appreciable improvement in color production. 
As would be predicted from the Nernst equation, the quantity of 
tetn iformozan produced increased as TIC concentration was increased from 
0.01 percent to 0.0.5 percent In Lenhard's experiments (359)- A selection 
of TTC concentration of 0.01 percent by lenhard appears to be unjustified 
in view of the increased value of E/r ^ ^ and creation of a better ther­
modynamic condition for interference by oxygen. A 0.2 percent sofation 
of TTC as recommended by !i'ord, et al. (3o3) w a s used in this research. 
Furthermore, increases of TTC concentration over this value do not cause 
any appreciable decrease in the value of E/ . 
The redox potential of the TTC^TF system decreases with an increase 
in pit and, in highly alkaline solutions, non-enzymatic compounds may also 
reduce TTC thereby causing interference with enzymatic reduction. For 
example, Mattson, et al. (3 -̂8) have pointed out that reducing sugars be-
-9-
come potent reducers of TTC at pH 11 or higher• Therefore, color in­
tensity would increase with an increase in pH and this property would 
nave been desirable for r e sake or as curate measurement; shorter re­
action time, etc. had the increase been entirely attributable to enzy­
matic reduction oi TIC at higoer pH• The desire to have an increased 
rafe of fcrmczan product1 : nas tc be balanced with the need for elimina­
tion of non-enzymatic reduction of TIC and pH of 8,4 has been found to 
be suitable for various types of cultures (359)- Based on experience 
with labcratory mixed cultures and biological sludge from waste treat­
ment plants, Ford, et al« (3&3) suggested that "it is mandatory to stay 
wit L. the pH seven to pH ome limits," 
It follows from Figure 21 tnat the concentration of tetraformozan 
produced is depe.oder4" or tne concent rati..:: of reduced dehydrogenase in 
the sample, In order to obtain a correct measure of the total dehydro­
genase content of the sample, it is necessary that any unreduced dehydro­
genase in the sample be converted to the reduced form since only in this 
o rm oar the enzymes reduce the tetrazclium salt. Because all samples 
may not contain S U D S orates ic sufficient concentration, addition of ex-
" :a. ecus substrate in large concentrate::, would ensure the conversion of 
roe unreduced form of the coenzymes cf dehydrogenases to the reduced form 
a: tie maximum velocity of the corresponding enzymatic step. The rate 
cf formation of tetrafcrmozar. would thus be corn rolled by the concentra­
tion of the dehydrogenases present, ami not by tne concentration of the 
substrate.. The properties of the substrate should be such that either 
it or its catabolites can become substrates for the dehydrogenases. No 
substrate can satisfy this requirement better than glucose which is 
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added In a large concentration to the sample. Tractate, citrate, succi­
nate, and glutamate, all catabolites of glucose, were reported ro be 
less effective individually than glucose as an added substrate (359)• 
Two important impediments to the accuracy of the test results are 
the presence of dissolved and atmospheric oxygen and growth of the mi­
crobial population during the test duration. The interference or inhibi­
tion by oxygen in lessening the intensity of color and causing forma1: ion 
of non-reproducible quantities of formozan was first observed by Marlar 
(221). Of the methods tried by Marlar to eliminate the inhibitory effect 
of oxygen, bubbling of nitrogen through the test samples was most success­
ful in alleviating the difficulties. In this study, it was observed that 
color intensity increased with increase in bubbling rate of nitrogen up 
to 0.01-0.02 SCFK beyond which improvement in intensity was imperceptible. 
Apparently a minimum flow rate of 0.01 SCiM is needed to expel all DO 
present, in the sample and to maintain anaerobic conditions by counter­
acting the spontaneous tendency of oxygen absorption from the atmosphere. 
The effect of the nitrogen flew rate could be evidenced very clearly 
when duplicates from the cell suspension were run at unequal flow rates 
to produce strikingly different intensities of color. 
The simple apparatus shown in Figure 22 proved to be very satis­
factory in obtaining an oxygen free atmosphere for running a series of 
samples under identical nitrogen flow rates and eliminating any vari­
ability due to unequal and insufficient nitrogen flow. An important ad­
vantage of the nitrogen flow pattern was that the steady stream of pres­
surized nitrogen flow through the closed system of tubes helped maintain 
a nitrogen atmosphere above the reaction mixture. An anaerobic atmosphere 
/tr~~rt 







FIGURE 22. APPARATUS FOR T H E DEHYDROGENASE T E S T . 
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both in the liquid and the gaseous phases performed the important func­
tion of preventing growth during the incubation period. 
In order to improve the color intensity, it was decided to homo­
genize all samples at a speed of 15,000 rpm for a fixed time interval 
thereby mechanically disintegrating a fraction of the cell population. 
Apart from increased production of formozan, disintegration also pre­
vented growth of the fraction of ruptured cell populations. 
Since disintegration of cells and the nitrogen atmosphere elimi­
nated the possibility of growth, longer incubation time could be used for 
dilute samples for production of more intense color. With this technique, 
selection of short reaction time was no longer necessary to preclude the 
possibility of cell division. 
Dire to the provision of large concentrations of TTC and glucose in 
the reaction mixture, the formation of the colored compound follows a 
zero-order kinetics and proceeds at the maximum velocity of the enzyma­
tic reduction of TTC. The rate tends to decline after an interval 
determined by the amount of dehydrogenase initially present. Additional 
oolor formation after this interval is but a small percentage of the 
total color to be formed and the reaction may be stopped after this inter­
val of time without s icrificing any appreciable gain in tetraformozan 
formation. Unduly long incubation periods are undesirable. The data of 
Ford, et al. (3&3) f r o m studies with biological sludges of different 
physiological characteristics and concentrations indicated that the rate 
of production of tetraformozan declines rapidly after 60 minutes in the 
cases examined and, based on this information, a reaction time of 60 
minutes was chosen for this research. A choice of an incubation period 
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of 60 minutes is not expected tc give rise tc bacterial multiplication 
since the generation times of the bacteria in the chemostat samples were 
higher '..an this period in most operating conditions. Thus, cell divi­
sion would not have occurred in most instances even if a nitrogen atmos­
phere was nor maintained. 
It should be emphasized that homogenization of the sample and 
elimination of oxygen from the reaction mixture are important for dilute 
cultures since, without these measures, the quantity of tetraformozan 
production would be less and unrepresentative of the quantity of dehydro­
genase present. 
It was imperative to perform all tests under similar experimental 
conditions since dehydrogenase activities in chemostat samples were in­
terpreted in terms of active solids by comparisor with calibration curves 
prepared earlier. Since TTC reduction is a function of temperature, pH, 
and time of reaction, it was necessary to carry out all tests at the 
constant pH of 8,4 and temperature of 37"C and to terminate the reactions 
exactly after 60 minutes In all cases. 
A detailed procedure of the dehydrogenase test as used In this 
research is given in Appendix III. 
On the Establishment of Correlation Curves between Dehydrogenase Ac-
11vities and Active Biomass Concentration 
Design of the Correlation Experiments. The dehydrogenase test was 
developed with tne objective that the test was to be used for monitoring 
active biomass concentrations in the continuous culture runs which were 
the principal experiments. It was decided, to establish correlation 
curves between dehydrogenase activity and arrive biomass concentration 
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from the results of several batch experiments to be performed with glucose 
and galactose as the substrates. Several batch runs were planned with 
the same sugar, but to be seeded with inoculums obtained at various de­
tention times of the continuous flow reactor. Based on the discussion 
in Chapter II, it was anticipated that continuous cultures at different 
detention times might contain different dominant groups of microorganisms 
and that different dominant populations might not exhibit the s ame corre­
lation between dehydrogenase activity and active biomass concentration. 
It was felt that, if several batch runs were made with inoculums derived 
from continuous cultures maintained at different detention times, then 
it would be possible to ascertain whether the correlations between de­
hydrogenase activity and biomass concentration were different for the 
continuous culture populations of different detention times. 
For a given dominant culture it is possible that the relationship 
between dehydrogenase activity and biomass concentration may be different 
for different specific growth rates. In order to verify this possibility, 
two types of sampling and analysis were planned for each batch experiment: 
a) samples, referred to as "straight samples," were to be drawn 
at different points (representing different specific growth rates) of 
the batch growth, and 
b) single sample, to be drawn at a point near the end of the 
exponential phase, was to be diluted to yield several "diluted samples." 
Each "straight" or "diluted" sample was to be analyzed for dehydrogenase 
activity and mass concentration of the dry organisms. Comparison of the 
correlations between dehydrogenase activities and dry solids concentra­
tions established from the results of the tests with "straight" and 
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'diluted" samples would indicate any effect of specific growth rates on 
one said correlate-
f as sumption made in the development of one aforementioned cor­
relation was chat the measurec solids concentration in the reactor was 
equal tc the concentration of active biomass. It has been reported that, 
in batch cultures, dead cells are practically undetectable in the acceler-
•• . . phase and in the early part of the exponential phase (13,28). Vi­
ability, i = e,, the ability to reproduce? may decrease in the lafer part 
of the exponential phase. However, it is possible that many of the 
cellular processes Continue at the expense of the extracellular substrate 
which is not completely exhausted at the end! of the exponential phase,, 
Thus, although some cells nay not be able to reproduce at the later part 
ti exponential phase, tuey may be considered active in that some 
living processes are still continued at the expense of substrate. It 
was, therefore, assumed that dry solids concentrations of samples drawn 
from dilute baton cultures before the termination of the exponential 
phase would not be significantly different from the active solids con­
centrations 0 
Procedure for Batch fapeiirxr. .s Tne reacVr used for the batch 
runs is shewn in Figure 23> In many respects, the design of the batch 
reactor was similar to that of the continuous flow reactor. The reactor 
reus were mixed at a fixed speed of 1 1 8 rpm, which remained constant 
or all runs and provided adequate mixing and oxygen transfer. The runs 
were performed an 20 Z by placing the reactor in the constant temperature 
wafer bath. The growth of the culture was monitored by the dissolved 
oxyger depletion curve as recorded by an arrangement essentially similar 
tc that of the continuous culture system and shown in Figure 23, 
FIGURE 23. REACTOR SYSTEM FOR GROWING BATCH CULTURES. 
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The reactor- was filled to a vclume cf five liters with minimal 
media (see Appendix IV) and using glucose or galactose as the carbon 
and energy source* The temperature was adjusted to 20°C and the reactor 
seeded with an inoculum obtained from the continuous reactor operated at 
a selected dilution rate. Samples were withdrawn for determination of 
dehydrogenase activity and bacterial solids concentration at intervals 
selected according to the course of the oxygen depletion curve. Sampling 
was discontinued after the oxygen profile reached the minimum concentra­
tion level at which point the culture entered the retardation phase. 
The concentration of dry solids was determined by filtering a 
known vclume of the sample through a millipore filter of pore size of 
C.M-5 \i so that the bacterial cells could be retained on the filter paper. 
As considerable difficulties were experienced in weighing the filter 
paper due to moisture, absorption, etc., a control filter method (3^9? 
370)(see Appendix V) was used, The method involved placing two pre-
weighed millipore filters--one upon the other--in the millipore filter 
holder and filtering the sample through both filters„ The bacterial 
solids were retained entirely by the top or test filter while the bottom 
or control filter was carried through tne analysis in order to control 
and correct for test variables and possible sources of error. The control 
filter was subjected to the same procedures as each test filter with the 
In a minimal synthetic medium, provisions are made for satisfy­
ing only the minimal" nutritional requirements, such as the essential 
elements (C,N,P,S,etc.) and a few of the trace elements (K,Na,Ca,Fe,Mg, 
Mn,Co,Zn,etc.)• Thus, a minimal medium is a simple synthetic medium 
consisting of ammonium salts, phcspr.ates, sulfates, and other mineral 
salts with the addition of an organic compound as a source of carbon 
and energy., 
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exception of actual solids filtration, thereby serving as an indicator 
of any changes in the calibration of the weighing balance, changes in 
filter weights resulting from moisture content changes (humidity varia­
tion), desorption of filter extractables, or adsorption and/or absorption 
of fluid constituents. Detailed procedures for solids determination are 
presented in Appendix V. 
Presentation of the Batch Data. The basic data from the various 
batch runs are presented fn tabular form in Appendix VI. Tables 2 and 3 
Include the dehydrogenase activities (measured with one centimeter light 
path) and biomass concentration ot straight samples Prom all batch cul­
tures grown on glucose and galactose, respectively. Table k Includes 
dehydrogenase activities (measured with one centimeter light path) and 
biomass concentraticns of diluted samples from all batch cultures fed 
With galactose. 
For very dilute cell suspensions, reliable absorbance readings 
could not be obtained with a one centimeter light path and a longer light 
path of 10 centimeters was used. Table 5 presents the dehydrogenase ac­
tivities, as measured with a 10 centimeter light path, and biomass con­
centrations of straight and diluted samples from all runs using glucose 
or galactose as the substrate. 
Discussion of Batch Culture Data. The dehydrogenase data of some 
of the batch data were plotted as a logarithmic function of time in Fig­
ure 2k to show that enzymatic activity increased exponentially with time 
as observed by Spiegleman and others (3̂ o 128,33^-338)• Figure 25 is a 
plot of a typical batch run; the parallel increase of dehydrogenase ac­
tivity and biomass concentration provided experimental verification of 
Table 2 . Correlation between Dehydrogenase Activity at One cm Light Path 
and Concentration of Dry Solids (Active Biomass) Grown on Glu­
cose as Substrate 
(Samples at Different Times during Batch Growth) 
Batch Dehydrogenase Activity Dry Solids 
No. (O.D. @ kQ3 mpi and 1 cm Concentration 
light Path) X 10 4 (mg/j&) 
1 162 5.3 




977 4 4 . 0 
398 52.0 
6 5 9 5 5 - 0 
2 128 5.0 
160 6.5 
26k 9.0 
on 789 47-5 
9^2 6 1 . 0 
193^ 82.0 
k ^27 18.0 
388 2 2 . 0 
1388 68.0 
5 269 1 0 . 5 
258 24 .7 
633 38.7 




1173 6 4 . 0 
2 0 4 8 110 .0 
1 5 8 I 90.0 
7 593 36.0 
1773 88.0 
2 4 2 7 138. 4 
2 5 7 3 162.0 
2226 132.0 
2253 1 2 2 . 0 
2 0 9 1 1 4 6 . 0 
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Table 3- Correlation between Dehydrogenase Activity at One cm light 
Path and Concentration of Dry Solids (Active Biomass) Grown 
on Galactose as Substrate 
(Samples at Different Times during Batch Growth) 
Batch Dehydrogenase Activity Dry Solids 
No. (O.D. @ 483 mu. and 1 cm Concentration 

























Table l+« Correlation between Dehydrogenase Activity at One cm Tight 
Path and Concent ration of Dry Solids (Active Biomass) Grown 
on Galactose as Substrate 
(Samples at One Point of Exponential Growth; Dehydrogenase 


















































Table 5, Correlation between Dehydrogenase Activity at 10 cm Light Lath and Concentration, 
of Dry Solids (Active Biomass) 
Batch Substrate Dehydrogenase Activity Dry Solids Dilution Type of 
ho. (O.D. @ 483 m̂ L A 10 cm Concentration Factor Sample 
Light Path) X 10 4 (mg/i) 







f Galactose 506 
3835 
7 Glucose 50 
1201 
1+ Galactose 6 l t 
96k 
5 Galactose 585 
1555 
7 Glucose 655 
1297 
2262 
6.0 1 Straight 
7-0 1 samples 
31.0 1 from 
32.5 1 different 
36.O 1 points of 
37-0 1 batch 




13-5 1 1 
6.7 0.0f Dilutions 
13.3 0.10 of 
f.9 0.05 straight 
11.8 0.10 sample 
from a 
6.3 0.0f point in 
12.6 0.10 batch 
25.2 0.20 growth 
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FIGURE 24. DEHYDROGENASE ACTIV ITY AS A FUNCTION OF TIME IN 
BATCH C U L T U R E S . 
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FIGURE 25. T I M E COURSE OF INCREASE OF DEHYDROGENASE 
A C T I V I T Y a A C T I V E BIOMASS CONCENTRATION 
IN BATCH CULTURES. 
2 i 
t:.e premise t; a* yrjgVaii" c:' p- p Ic call*y between dehydrogenase 
a " Lvity a..a r.- mass e - a* . ' remained the same a* all growth rates. 
Tne data oi lathes 2 and 3 &"e plotted on Figures 26 and 27, re-
spe " _vely The h e a . regression equati- £ aes jibing tne plots cf 
these data, and the iq orrela" . coefficients indicated almost per-
teu stochastic linear depended e • f atTive biomass concentration on 
dehydrogenase a tivity* The. linear dependerne ct biomass concentration 
on dehydrogenase activity, as predictable from the parallelism of these 
parameters show* in Figure 25, ais held statistically, Thus, dehydro­
genase activity was a linear functici • t biomass ov sentration when 
glucose oi galactose served as the substrate; the relationship remained 
the same at all g wth aT es . : u.e a ..eiera" io • arc exponential phase. 
Ire f cllowing relatichshipj betwee . cerydrogecase activity (as measured 
wf.t a • "e ce:c cme*e" leg * pant) a m ti-_mass concentration were obtained 
for the glucose a .d galactose ted cultures« 
For glu' se grow* cul'nt^p 
X° - 1 , 9 - 560 Aj (132) 
(Correlation ccefficient = 0,972) 
For galactose grown cultures• 
X° * 6 . 8 -r n y 8 A x (133) 
(Correlation coefficient - 0-957) 
where X° = active biomass cwn entrat-ioi in pjg/4 
Aj - absortar.ee by • tp <• rylicrmoza; i., one centimeter light path. 
It should be noted thai the at ve linear correlations were estab­








SUBSTRATE j GLUCOSE 
STRAIGHT SAMPLE 
LIGHT PATH- I CM. 
REGRESSION EQUATION! X°= 1.9 + 560 A 
CORRELATION COEFFICIENT = 0-972 
A. = ABSORBANCE WITH I CM LIGHT 
PATH. 
o BATCH RUN NO. 1 
• BATCH RUN NO. 2 
A BATCH RUN NO. 3 
V BATCH RUN NO. 4 
A BATCH RUN NO. 5 
• BATCH RUN NO. 7 
BATCH RUN NO. 8 
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800 1600 2400 
DEHYDROGENASE ACTIVITY (ABSORBANCE AT 483 mn 6k I cm LIGHT 
PATH) 
FIGURE 26. CORRELATION BETWEEN DEHYDROGENASE ACTIVITY 
AND CONCENTRATION OF ACTIVE BIOMASS IN GLU­
COSE GROWN BATCH CULTURES. 
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SUBSTRATE : 3ALACTCSE 
STRAIGHT SAMPLES 
I CM LIGHT PATH 
NUMBERS IN DATA POINTS REFER TO 
BATCH NUMBERS. 
REGRESSION EQUATION! 
X =6.8 + 498 A 
CORRELATION COEFFICIENT =0-957 
0 800 1600 
DEHYDROGENASE ACTIVITY (ABSORBANCE AT 483 m 
2400 
a I CM LIGHT PATH) 
FIGURE 27. CORRELATION BETWEEN DEHYDROGENASE ACTIV ITY AND 
CONCENTRATION OF ACT IVE BIOMASS IN GALACTOSE 
GROWN BATCH CULTURES. 
2 0 9 
Although cell yield was cot oi any importance in establishing the 
foregoing correlations, it was observed that the growth yield coeffi­
cients on glucose and galactose in batch cultures were 0.40 and 0.31? 
respectively. These results nay be used to compare with the growth yields 
on these substrates when fed to continuous cultures. 
The data of Table k were plotted on figure 28. The regression 
line and the correlation coefficient of Figure 28 indicated that dehydro­
genase activities of tne diluted samples of galactose grown cultures were 
also linearly related to biomass concentration in accordance with the 
following e cju at ion: 
For galactose grown culture, 
X° = 6.3 + 520 A x (134) 
(Correlation coefficient - 0.958, 
While both Equations 133 and 134 apply to galactose grown cultures, it 
should be recognize'] that the former relationship was based on straight 
samples drawn at various growth rates, whereas the latter equation was 
based on dilutions of single samples drawn at a particular growth rate 
near the end of the exponential phase. A statistical test of the hy­
pothesis that the two regression lines represented by Equations 133 acid 
134 were identical. (371) snowed that there were no significant differ­
ences between the sr ..pes .run intercepts of these lines at the five per­
cent level of significance. Statistically, therefore, liquations 133 and 
134 were estimates of the same linear relationship. This meant that the 
same linear relationsnip between dehydrogenase activity and biomass con­
centration was valid for all growth rates.. furthermore, it appears that 
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S U B S T R A T E : G A L A C T O S E 
D I L U T E D S A M P L E S 
L I G H T P A T H - 1 C M 
N U M B E R S I N D A T A P O I N T S R E F E R T O B A T C H N U M B E R S 
R E G R E S S I O N E Q U A T I O N * X ° = 6.3 + 5 2 0 a | ( 1 3 2 ) 
C O R R E L A T I O N C O E F F I C I E N T = 0 9 5 8 
0 4 0 0 8 0 0 1200 1600 2 0 0 0 2 4 0 0 
DEHYDROGENASE ACTIV ITY (ABSORBANCE AT 483m j S I C M LIGHT 
P A T H , A | ) x I 0 4 
FIGURE 28. CORRELATION BETWEEN DEHYDROGENASE ACTIVITY AND 
CONCENTRATION OF ACTIVE BIOMASS IN DILUTED SAMPLES 
OF GALACTOSE GROWN CULTURES. 
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it is valid to establish this linear relationship from analysis of a 
single sample at any growth rate after serial dilution. 
, igure 29 compares the three regression lines of Ffgures 26, 2?.• 
and 28. Statistical tests of fdentity of the three lines indicated no 
significant difference between the three regression lines at the' five 
percent level of significance. The essence of the result of the statis­
tical test was that glucose and galactose grown cultures obeyed the same 
relationship between dehydrogenase activity (as measured with one centi­
meter light path) and biomass concentration at all specific growth 
rates. The solid regression line h of Figure 29 correlates all data 
from straight and diluted samples of all batch cultures fed with glucose 
or galactose. The fact that the 95 percent confidence limits of line k 
enclosed all of the three different regression lines of Equations 130, 
131; and 132 provided further evidence that there was little difference 
between hfnes 1, 2, and 3? all of which were estfmates of line h. The 
following relationship, which is the regression equation for line h of 
Figure 29 ; may be used for determination of active biomass concentration 
:  rom dehydrogenase activity measured with a one centimeter light path, 
irrespective of the growth rate of the culture, and regardless of whetner 
the substrate was glucose or galactose: 
X° = h.h + 536 A1 (135) 
Tne significance of the intercept of Equation 135 is that solids concen­
tration lower than h.h mg/i, could not be detected when a light path of 
one cm was used. 
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S U B S T R A T E : G L U C O S E O R G A L A C T O S E 
S T R A I G H T O R D I L U T E D S A M P L E S 
L I G H T P A T H : I C M . 
C U R V E I . G L U C O S E , S T R A I G H T S A M P L E S . 
C U R V E 2 . G A L A C T O S E , S T R A I G H T S A M P L E S . 
C U R V E 3- G A L A C T O S E , D I L U T E D S A M P L E S 
C U R V E 4 . A L L D A T A ( G L U C O S E O R G A L A C T O S E , S T R A I G H T 
O R D I L U T E D S A M P L E S ) 
R E G R E S S I O N E Q U A T I O N F O R C U R V E 4*. 
X ° = 4 . 4 4- 5 3 6 A , 
C O R R E L A T I O N C O E F F I C I E N T F O R C A L I B R A ­
T I O N C U R V E 4 = 0 . 9 6 7 
8 0 0 1600 2 4 0 0 
DEHYDROGENASE A C T I V I T Y (ABSORBANCE AT 483 m . a I CM LIGHT PATH, A ( )x 10 
FIGURE 29. CORRELATION BETWEEN DEHYDROGENASE ACTIV ITY AND 
CONCENTRATION OF ACTIVE BIOMASS IN BATCH CULTURES 
GROWN ON GLUCOSE OR GALACTOSE. 
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According to tie findings of Maxwell (300) arid Wilson and Hogness 
(301,302), galactose metabolism involves the use of an additional NAD 
serving as a tightly bound prosthetic group of the UDP--galactose-
epimerase (galacto-waldenase) not required in the metabolism oi:' glucose 
(see Figure h). The mechanism so postulated fndicates that the NAD of 
the epimerase is reduced and then oxidized during a vvalden-type conversion 
of UDP glucose to UDP-galactose (or vice versa) and, unlike NAD of other 
dehydrogenases, does not need a separate step for oxidation. Whether 
TTC can react with the reduced NAD of the epimerase in competition With 
the usuai process of oxidation of this NAD is a moot question. In the 
event that TTC is successful in oxidizing this epimerase-NADU , there 
would be iocreased production of TF in galactose-grown cultures compared 
to the TF production for the same concentration of glucose-grown cells. 
Figure 29 shows that, for biomass concentrations above fO mg/i., the de­
hydrogenase activities of galactose-grown cultures (Curve 2) were slightly 
higher than those for glucose-grown cells (Curve l) if compared for the 
same solids concentrations. however, such observed differences were not 
very significant statistically. 
For very dilute cell suspensions, reliable absorbance readings 
could not be obtained with a one centimeter light path and a longer light 
path of 10 centimeters was used. A calibration curve for a 10 centimeter 
light path, based on glucose or galactose grown cultures and for straight 
or diluted samples, is shown in Figure 30 along with the 95 percent-
confidence limits of the curve, The relationship for dehydrogenase ac­
tivity with a 10 centimeter light path and active biomass concentration 
is given by the following regression equation: 
DEHYDROGENASE A C T I V I T Y (ABSORBAMCE AT & 10 CM LIGHT PATH, A Q ) x 10* 
FIGURE 30. CORRELATION B E T W E E N DEHYDROGENASE ACTIVITY AND CONCENTRATION OF ACTIVE 
BIOMASS IN V E R Y DILUTE BATCH CULTURES GROWN ON GLUCOSE OR GALACTOSE. 
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X° = 106.4 A l 0 (136) 
where A 1 0 = absorbance with 10 cm light path. 
Figures 26 through 30 have established: that the absorbance of 
tetraformozan is proportional to concentrations of biomass for a given 
depth of solution and indicate adherence of the TF solution to Beer's 
law in the range of concentrations tested and above about five mg/jfc of 
solids. However, Figure 31 shows that the test solutions did not obey 
hambert's (Bouguer's) law since the absorbances of samples with a 10 cm 
light path were about seven times (instead of 10 times) the values ob­
tained by analysis With a one cm light path. The data of Figure 31> ob­
tained by analyzing sampl.es from cultures under various environmental 
conditions, are given in Appendix Vli. The reasons for the non-adherence 
of the dehydrogenase solution to hambert's law are not clear, but what­
ever they might be, the observations point to the necessity of having 
separate calibration curves when different light paths are used. figure 
31 indicated that a zero absorbance reading with a one cm cell would be 
read as an absorbance of 0.05^7 if a 10 cm cell were used. A biomass 
concentration of 5-1 mg/i (from Figure 30) will therefore go undetected 
with a one cm light path. The regression equations of Figure 29 also 
indicated that an average biomass concentration of k.k mg/i would not 
cause any absorbance if measured in a one cm cell. 
Lamb e rt1s law: r 
A = 27303 1 ( 1 3 Y ) 
where A = absorbance by sample having a light path, I 
C = a proportionality constant 
From Equation 137 the radio of absorbances in 10 and 1 cm light paths 
is given by 
AioAi • 10 (138) 
2 l 6 
1 i 1 I I I I I I I 
O 400 600 f20C 1600 1800 
ABSORBANCE AT 483 mjj I CM CELL x I04 
FIGURE 31. RELATIONSHIP BETWEEN OBSERVED ABSORBANCES OF 
TRIPHENYLFORMOZAN WITH ONE AND T E N CENTIMETER 
U B H T PATHS. VERIFICATION OF L A M B E R T ' S LAW. 
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The following relationships were used for determination of active 
biomass concentrations in continuous cultures; the equations were appli­
cable at all specific growth rates as described earlier. 
for cultures grown on glucose, 
X° = 1.9 + 560 A1 (132) 
lor cultures grown on galactose, 
X° - 6.8 + U98 A1 (133) 
for cultures grown on glucose-galactose mixtures, 
X° = h.k + 563 A1 (135) 
For very dilute cultures grown on glucose or galactose, 
X° = 106.^ A 1 0 (136) 
One unit of absorbar.ce in a one centimeter cell was equivalent to about 
5̂4-0 mg/Jl of active biomass. On the other hand, one unit of absorbance 
with a 10 centimeter light path was equivalent to 106 mg/X of active Irion 
mass which was in good agreement with Marlar's figure of 100 mg/i per 
unit of absorbance in 10 cm cells for cultures grown on glucose at 20°C 
(221). 
It may be concluded from the above discussions that, for a given 
substrate-organism system, the slope of plots of actfve biomass concen­
tration versus enzyme activity was constant at all growth rates; this 
meant that the ratfo of amount of enzyme synthesfzed/total new growth 
fs constant. In a given culture the dehydrogenases which satisfy the 
following conditions are oxidized by triphenyltetrazolium chloride. 
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Hall-cell potential for E-NADEf, - E-NAD > Half-cell potential for TF-*TT( 
The extent of reduction of TTC,, i.e., the intensity of color formation 
per unit quantity of dehydrogenase, is dependent on the temperature and 
duration of reaction, ph% accessibility of the dehydrogenases to TTC, 
degree of interference by molecular oxygen, any growth of the organism 
during the reaction, etc. For the procedure used in this research, the 
absorbancea of colored triphenyltefraformozan did not follow the Lambert 
law. 
Analytical Techniques for Determination of Glucose 
and Galactose Concentrations 
Determination of Glucose 
The reliability of the Somogyi titrimetric method (372) of glucose 
determination in biological materials has been well established (373 j 
37*0 • Photometric adaptation of the Somogyi method is also available 
(375)- However, for reasons cf simplicity and specificity towards glu­
cose } the enzymatic test involving the catalytic oxidation of glucose 
to gluconic acid in the presence of glucose oxidase (see Equation 139) 
(376-378) was preferred. Keston (379) developed a colorimefric test by 
coupling the above reaction with a peroxidase catalyzed step in which 
the hydrogen peroxide produced in the presence of oxidase would cause 
i-t.olidine color change due to an oxidation reaction promoted by the 
peroxidase. The enzymatic reactions are: 
HM • t— Glucose Oxidase . _._ , . , t T A / _ Glucose + 0_ -r H_0 — •—̂ —• > Gluconic Acid + H o 0 o (139 2 2 2 2 v y ' 
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H2°2 + °- t o l i d- i n e ^ e rQ x^l as e > YI o + + Colored Compound (ll-O) 
(Chromogen) 
The intensity of the color of the oxidized chromogenic product is pro­
portional to the amount of glucose present. 
Iluyggett and Nixon (380,381) developed a procedure using horse­
radish peroxidase and o-dianisidine as chromogen in lieu of o-tolidine, 
and Hill and Kessler (382), Discombe (383)? and Robin and Saifer (°8h) 
adapted this procedure to the autoanalyzer. deris and Cardenas (385) 
have also applied the autoanalyzer technique no wastewater treatment-
processes . 
A more recent technique for continuous analysis of glucose, using 
tne oxidase reactior. and residuial oxygen concentrations only as indica­
tions of glucose concentration, has been reported (386). 
In this research, the Worthington Glucostat procedure (387) simi­
lar to the procedure of Keston (379) w a s used. A disadvantage of the 
procedure was that even for the same glucose concentration different 
color intensities were obtained when analyzed after slightly different 
incubation times. A standard calibration curve could not be easily 
established. The problem was circumvented by running a standard glucose 
solution of suitable known concentration each time a set of samples was 
analyzed. 
Some modifications of the Worthington procedure were necessary. 
Since glucose concentrations of the order of one mg/i, were to be measured, 
more reagents and longer incuba.tion periods were used. The camples were 
filtered to rid them of bacterial solids which would otherwise assimila.te 
glucose during the test period. Millipore filtration was not suitable 
lie 
"because the cellulose content of toe filter® caused three to fourteen 
percent reduction (depending ci the sugar concentration in the sample, 
filter weight, and rate of filtration, m tne sample glucose concentra­
tion* Four" layers of glass liber filters were used, air; -uoo 10. ex­
tremely dispersed suspensions a very clear filtrate could not be obtained 
from time to time., Any error are absorbance by turbidity in tte glu-
costat solutions was Corrected by measuring the absorbance of a suitably 
diluted sample and applying the same as correction to the absorbance of 
the oxidized chromogen. A detailed procedure for the Glucostat test has 
been included in Appendix VIII. 
Deoermioâ . 1 cn of Galact- se 
For the same reasons underlying the selection of the Glucosoat 
test, an enzymatic test tor galactose (the worthington Galactostat system 
(388}) was used. The procedure recommended by Worthington did not pro­
duce color intensities adequate for reliable measurements for galactose 
concentrations below 50 mg/i. Accordingly, a modified procedure, as 
given in Appendix IX, with increased incubation period, Increased quan­
tify of reagent, provision for filtration of samples, and correction for 
turbidity was used. 
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CHAPTER VII 
EXPEtfM THAT PROCEDURE 
Determination of the Hydrodynamic Characteristics of the Reactor 
Culture Volumes at Various Flow Rates 
The determinations of reactor detention times or dilution .rates, 
oxygen transfer rates, mixing patterns, and residence-time distributions 
of reactants in the reactor are all based on the volume of roactor fluids 
under conditions of turbulence and continuous flow. Prom Figure 32 it 
is clear that the volume of the culture depends on the static depth, d . 
and the head, H, relative to the invert level of the overflow tube, 
Despite the constant level of the overflow tube and fixed degree of tur­
bulence In the reactor, the volume of the cufture varies with flow rate 
as II varies likewise. Due to the undulating nature of the fluid surface 
and the small magnitude of H and its variation from one flow rate to 
another, the total depth of reactor fluids (H+d ) or its variation with 
s 
flow rate could not be determined accurately by direct measurement dur­
ing operation of the reactor. It was, therefore, decided to establish 
a hydraulic relationship between the culture volume and the flow rate 
so that the former could be determined from measurement oi the latter. 
The discharge through the oriffee outlet is given by an equation 
of the form 
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1/7 SS SHAFT 
Invert I• v*I of overflow 
RE AC TOR 
SECTION AA 
A. SCHEMATIC DIAGRAM SHOWING HEAD, H. FOR FLOW 
RATE^Q. 
3.0 
Log Q, Q in ml/sec 
B. LOGH AS A FUNCTION OF LOG Q 
FIGURE 32. VARIAT ION OF CULTURE VOLUME WITH FLOW R A T E IN 
CONTINUOUS FLOW REACTOR. 
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where Q = flow rate of effluent = flow rate of substrate + flow rate 
of nutrients 
A = cross sectional area of the orifice 
o 
n = constant 
C = coefficient of discharge through the orifice 
H = height of water level in reactor above the invert of orifice 
Rearranging Equation ihl 
•H = ^ (lk2) 
2 g(C dA o) n 
Taking common logarithm of both sides of Equation 1̂ -2 
log H - log \ - - - ] + nlogQ ( 1 ^ 3 ) 
^ ( c f 0 ) J 
Also, it is evident from Figure 32 that 
V - V + A H (ihh) s r v 1 
where V = A D = constant s r s 
d = depth of reactor up to invert of overflow = constant (see s 
Figure 32) 
V = total volume of reactor 
A = cross sectional area of the reactor, r 
Rearranging Equation 1 ^ 
( 1 ^ 5 ) 
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With the constant level overflow fixed in one position, continuous 
measurements of V and Q were made wire tap water at various flow rates. 
The value of H for each flew rate was determined from the measured volume 
at that flow rate from Equation l45 as shown in Table 6. The constants 
of Equation 143 could then be determined from regression analysis of 
log H and log Q. 
fable 6. Reactor Volume as a Function of Flow-Through Rate 
Measured Flow Measured V^ A (V-V ) H(from log H log Q 
Rate, Q, Volume, V s ^ r s Eq. l45) 
Xl/hr) (ml/sec) (ml) TrnlJ (cmd) ~(ml) ~ (cm) 
0 975 0.271 5670 5471 231.63 199 0.859 ~o.o66o -O.567O 
1 350 0,375 5710 239 1.034 0.0145 -0.4260 
1, 48c o ,4 i i 5800 329 1.420 0.1523 -0.3862 
1 750 0,485 5720 249 1.075 0.0315 -0.3143 
2. 310 Go 641 5715 244 1.055 0.0233 -0.1931 
2 710 0.752 5700 229 0.989 -0.0048 -0.1238 
2 ''he 0.760 5790 319 1.379 0»1396 -0.1192 
4 420 1.227 5900 429 1,854 0.2681 0.0888 
5 090 1.410 5900 429 1*854 0.2681 0.1492 
Figure 32 shows a plot of log H vs , log Q, and the regression equa 
t: Lon describing H as a function oi Q, Thus , culture volume at any ffow 
r-ate was determined from Equation l46 and Equation l44. 
log H - 0=1703 + O.3868 leg Q 
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Oxygen Transfer Rate 
It was necessary for the mechanical and diffused aeration system 
to be capable of transferring oxygen at a rate higher than the respira­
tion rate of the culture. The respiration rate of the culture, on the 
other hand, depends on the growth rate of organisms and mass concentra­
tion of the same, which in turn is dependent on the substrate consumption 
at the particular growth rate. The overall oxygen transfer coefficient, 
Kî a, required of the aeration system for satisfying the respiration rai.cc 
was estimated from the following relationship: 
r s 
K . = R ( X ° f f Y n — (1U7) 
The desired maximum and minimum values of Rl a of the oxygen transfer 
system employed were estimated to be 3•93 hr 1 and 0.93 hr 1, respectively 
The derivation of this relationship and the necessary calculations are 
presented in Appendix X. 
Transfer rate by mechanical agitation could be varied by altering 
the rotation : .nd peripheral speed of the impellor with the aid of the 
Zero-Max drive. The reoxygenation capacity of the agitation device at 
the maximum speed of -̂00 rpm was determined by separately reaerating de-
oxygenated tap water and a sterilized culture containing a concentration 
of microbial solids of 6f mg/i,. The curves of oxygen absorption from 
the atmosphere are shown in Figure 33• 
Usu ally K^a is determined from the slope of a linear plot of 
°2 °2 
log(X -Xq ) vs. 6. However, since the oxygen saturation concentration, 
X , is usually an unknown constant and difficult to be determined, a 
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plot is made with an assumed value of X ; if the plot is not linear, 
s 
then this procedure is repeated until a linear plot is obtained. It 
may be recognized that this is a very tedious procedure. A graphical 
technique as illustrated in figures 33 and 34 was developed as a means 
of a straightforward and quick determination of K a. Equation l48 (see 
h 
Appendix X I for derivation) provided the theoretical basis for this 
technique. 
02 -(Ka)(Ae)--
In AX., = In h 0 1-e - K aB (148) 
AO 1 
where AX^Q = incremental oxygen absorption over time interval, AO 
A9 = a constant time interval 
D 0 = oxygen deficit at zero time. 
From Equation l48 it is evident that the Naperian logarithm of the in­
cremental oxygen absorption over a suitably selected constant interval 
of time during reoxygenation is a linear function of time; the overall 
oxygen transfer coefficient is given by the slope of a plot of 
In AX^Q V S . 6. Such a plot is given in figure 34 where it is evident 
that K^a for both tap water and sterilized culture was 10.3 hr 1 even 
though the liquid volumes were slightly different. After reducing the 
K Ta values for the same liquid volume, the coefficient, a, was computed 
to be 1.07 (see Appendix X ) . It was therefore apparent that mechanical 
agitation alone at 400 rpm could adequately transfer atmospheric oxygen 
at a rate higher than the estimated maximum rate of microbial respiration, 
furthermore, determination of oxygen transfer capacity by the above pro­
cedure appeared to be more convenient than by the method of Cooper, et 
al. (339)-
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0.04 I I I I 1 1 1 
0 2 4 6 8 10 12 14 16 18 20 22 
T I M E , 0 , IN MINUTES 
FIGURE 34. DETERMINATION OF O V E R A L L GAS TRANSFR COFFICIENT, 
K . a , AT 20°C AND MIXING SPEED OF 400 RPM. 
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Test for Complete Mix 
MacMallin and Weber (390) have shown that the rate of depletion 
of solute at any time, 6, from a completely-mixed tank initially filled 
with a solution containing mg of solute, due to continuous flow of 
solute-free solvent will be 
8 = _ J L (1)|Q) 
de E K J ) 
r 
where W^ = weight of solute remaining in tank at time 0 and 
0 = nominal detention time, r 
Whence 
In [W^/W^l = - 0 / 0 r ( 1 5 0 ) 
or, in terms of concentrations of solute, 
x m 
in — = - #- ( 1 5 1 ) ,rm 0 X n r 
Equation 1 -̂8, which holds only under conditions of complete mix­
ing, could be used to test whether or not complete mixing of the reactor 
contents was achieved by the agitation system employed. The test reac­
tor was filled with sodium chloride solution at an initial concentration 
of 3685 mg/i, and mixing was started at an impeller speed of ^00 rpm. 
Dilution of the salt solution was next commenced with a continuous flow 
of distilled and deionized water at a flow rate of 1.15 Jl/hr. The 
volume of the salt soTution for the chosen flow rate was computed to be 
5-7 liters from Equations lhk and lh6. The residual salt concentrations 
2 3 0 
at selected times were determined from the values, of conductances--
measured with a conductivity cell (cell 0 1 , cell constant 1 . 0 of Indus­
trial Insr umenis, Ire, Cedar Grove, New Jersey) filled with sample 
salt solution and forming a resister of a wheatstone bridge (Conductivity 
bridge, Model RC 1 6 B 2 , Industrial Instruments, Inc., Cedar Grove, N. J.)-
and the calibration curve of figure 35 established with salt solutions 
of known concentrations. A plot of ln[X^/x^] as a function of 9 / 6 ^ (see 
Figure 36) yielded a straight line having a slope of - 1 . 0 2 which compared 
very well with the theoretical slope of - 1 , 0 0 predicted from Equation 1 -̂8 
for complete mixing of reactor contents. Mixing at an impeller speed of 
tOO rpm therefore was considered sufficient to effect complete mixing of 
the reactor contents. 
Selection and Design of Buffer Solution 
As indicated In Chapter Vf It was do sided to maintain tne pH of 
the continuous culture at the desirable range of 6.7 (325) to 7 - 0 (328) 
in order that a heterogeneous system, such as is prevalent in bio-
oxidafion processes, could be obtained. Accordingly; a buffer system 
was designed to neutralize the acidity produced by dissolution of CO 
evolved due to biological activity or by the possible excretion of or­
ganic acids (222,235 }391) produced at low detention times. 
For tne desired range of pll, a pclyprotic acid buffer system was 
considered most suitable. Equimolar concentrations of Na^HPO^ and KFÎ PÔ  
yielded the highest buffer capacity (392) as measured by the buffer index 
3.? (393)- For a pH change of 0 , 1 unit due to neutralization of the esti­
mated carbonic acid acidity produced by the culture, the desired buffer 
2 3 1 
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index of the buffer system was calculated to he h x 10 2 moles/^ (in 
terms of carbonic acid) per unit change in pH (see Appendix Xii). Hav­
ing determined the design buffer index, the concentration of each phos­
phate of the mixture was computed to be O.OAM. Disodium phosphate 
(Na^HPO^) was preferred to dipotassium phosphate (K^HPO^) since the 
former chemical was cheaper in bulk quantities and was readily avail­
able. As shown in the titration curve of figure 37, the observed buf­
fer index of the designed buffer was 3-3 X 10 8 moles/i- in terms of 
carbonic acid. 
Selection of fnfluent Concentrations of Substrate Solutions 
General Considerations 
The influent concentrations of the substrates have an upper and 
a lower limit. Denser cultures, resulting from higher concentrations 
of influent substrate, demand higher oxygen supply and higher oxygen 
transfer rates, cause increased, production of CO^, heat and foam, which 
make pH, temperature, and foam control more difficult. Use of higher 
influent concentrations means higher costs of chemicals to be used for 
substrate and buffer solutions. In addition, higher power consumption 
results for oxygen transfer at enhanced rates and for controlling in­
creased levels of temperature excursion. Measurement of substrate con­
centration becomes tedious, time consuming, and less accurate as tests 
have to be performed on diluted samples. 
On the other hand, unduly low influent substrate concentrations 
are undesirable, since the resulting low culture densities lead to in­
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the accuracy of solids concentration data, sample volume should be large, 
which is undesirable as it would significantly affect the oxygen trans­
fer rate and the reactor detention time. For each detention time there 
is a theoretical steady state substrate concentration as given by Equa­
tion 64A of Chapter IV. If the selected influent substrate concentration 
is lower than the theoretical steady state concentration, then no growth 
occurs. 
The selected influe it concentrations of substrates were based on 
a balance of the difficulties anticipated at very high and. low substrate 
concentrations. The selected: concentrations were higher than the <Js'. i. -
mated maximum concentrations in the effluents at the selected detentfon 
times. The influent glucose and galactose concentrations ranged from 
7 7 mg/i and 255 mg/̂ j> respectively, and were below the concentration 
assumed in estimating Kf̂ a and buffer concentration. The influent sub­
strate solution was prepared in batches of kk liters in the 50 liter 
glass carboy shown in Figures 13 and 1 7 (of Chapter V) using demineralized 
water and appropriate volumes of concentrated stock solutions--0.5 g/X 
for glucose and 0.25 g/^ for galactose. The batch solution was mixed, by 
bubbling diffused air for five minutes and then syphoned into the sub­
strate feed reservoir where further mixing was accomplished by magnetic 
mixing. 
Selection of the Concentrations of Nutrient Solutions 
The nutrient or salt solutions were mixed and fed separately in 
order to provide sources of nitrogen, phosphorus, sodium, potassium, 
magnesium, iron, calcium, and sulfur. Concentrations used were in excess 
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of the cellular requirements so that growth would be limited only by 
the concentration of substrate (carbon and energy source) at all growth 
rates. Estimates of requirements of the elements were based on the re-
corrimended G:N ratio of 6:1 (Hoover and Porges (39^-)), C: P ratio of 20:1 
( fekenfelder and O'Connor (328)), and P:K+:Mg+ ratios of Q:h:L (Tempest, 
et al. (326)). The salt concentrations in the nutrient feed reservoirs 
were higher than the concentrations computed from the above ratios of 
elements by a factor representing the extent of dilution of the nutrient 
concentration by the substrate flows. The concentrations of the various 
nutrient salts could be computed from the following formula: 
T.ns - ,- TTc - * r - A t -ns _ ;M s W 1 ; Q_ , , 
Xf - i^Jjo-^-Rj n j ( 1 5 2 
ns 
where X̂ , = concentration of a nutrient salt in the feed reservoir 
ns 
M = molecular weight of salt serving as a source of an element 
ne 
V: = weight of the nutrient element in one formula weight of 
the salt source 
X 0 = influent substrate concentration after dilution 
c 
W = weight of carbon in one formula weight of substrate 
M = molecular weight of substrate 
R = parts of carbon for each part of the element 
0^ = total flow rate 
Q11 = flow rate of mixed nutrients solution 
A sample calculation for the concentration of the nutrient salt 
furnishing the nitrogen requirement is presented in Appendix XIII. The 
concentrations of all of the other nutrient salts in the feed reservoir 
2 3 7 
are also presented in Appendix XIII. 
The salt solutions were prepared by transferring appropriate 
quantities of stock solutions of the salts into the nutrient feed re­
servoir, diluting with deionized water up to 62 liters, and mixing with 
the motor driven paddles in the reservoirs. 
Selection of Flow Rates 
For a desired culture volume--usually between 5-5 t° 6.0 liters--
a total flow rate was chosen to provide the desired detention time. The 
substrate and nutrient flow rates were so proportioned that the dilution 
rate, Qt/Q,n, never exceeded the design ratio of 12 used in the computa­
tions of Appendix XIII. Since the actual culture volume was a function 
of the flow rate, final adjustments of the flow rates to yield the de­
sired detention time were made after contfnuous flow was started and the 
culture volume determined for the selected flow-through rate. 
Continuous Runs 
Before beginning the continuous flow, a batch culture was grown 
in the reactor filled with medium containing glucose at a concentration 
of 193'6 mg/i, and buffer and nutrient salts added in amounts prescribed 
in Appendix IV. In order to d.evelop a heterogeneous microbial popula­
tion, the medium was seeded with settled and filtered (through glass 
wool) activated sludge obtained from the South Rfver Plant of the Atlanta 
Water Pollution Control System. The growth medium was agitated at hOO 
rpm to ensure complete mixing. Culture temperature was maintained at 
20°0. The growth of the culture was followed by sampling for glucose 
concentrations and dehydrogenase activities at different times. DO levels 
2 3 8 
were recorded continuous"7. 
Continuous flow of glucose ard the nutrient salt soluti as was 
started as described in the last section of Chapter V before t'oe hatch 
culture reached the end of tne exponential growth phase. A high deten­
tion time was selected for the first run so that a maximum heterogeneity 
of the microbial population could be maintained in the first continuous 
run and selection of' a smaller number of species at a subsequently in 
i.reased dilution rate could be effected from a larger number of species 
prevalent at the preceding lower dilution rate. Glucose concentrations 
in the influent and the reactor as well as the dehydrogenase activities 
of the mixed liquor were determined at selected rimes. A few dry solids 
determinations were performed tor ea a run of a particular detention 
time. The key points during steady state operations were: (a) mainte­
nance of a homogeneous distribution of organisms by mixing, (b) accurate 
regulation 0 1 the culture volume, (c) accurate regulation of flow rates, 
(d) accurate regulation of substrate concentration, and (e) accurate 
control of temperature. These physical environmental factors were con­
trolled following operational procedures described in Chapter V. Sampling 
for steady state substrate and organism concentrations for the detention 
time of the run was continued for' a duration equal to or more than five 
nominal detention times. 
tare:' tne steady state concentrations were established for a de­
tention time, suitable changes were made in the flow rates of substrate 
and nutrient salts for operaticn at a lower detention time (i.e., a 
higher dilution rate), large changes in di lut ion rates were avoided as 
recommended by Herbert, et al. (2k0). The series of runs with a substrate 
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was so scheduled that there was a stepwise positive shift in dilution 
rates from one run to the subsequent one. A reverse schedule was unde­
sirable in the mixed culture system since the heterogeneity of the micro­
bial population could not be increased, compatible with increases in 
detention time, when shifting from an initial environment of low deten­
tion time harboring fewer species. An added advantage of such a scheme 
of operation was that oscillations in the transient state conditions be­
tween the two steady states were kept to a minimum as also noted by 
Mor and Fiechtor (395)• These authors have shown that, with "shifting 
up" of dilution rates, the final steady states are approached asympto­
tically on changing the dilution rate in contrast to an initial sigmoidal 
approach if the dilution rode was "shifted down." In other words, the 
length of transition period between two steady states would be shorter 
with positive shifts in dilution rates. Mor and i.-iechter (395) have 
also shown that the length of the transition period decreased with de­
crease in the detention time after the shift and that this duration was 
approximately 20 hours when the shift was to a detention time of 5-92 
hours. Since the detention times in this research never exceeded six 
hours, a transition period of not more than hQ was expected. Sampling 
o.uring this estimated transition period was not done in some cases. A 
transition time of k-Q^ also compared favorably with the observations of 
Button and Garver (26l) that stable conditions were achievable after 
five fermentor volumes were .allowed to pass through the fermentor follow­
ing the change in ailution rate. 
As the heterogeneity of the culture was expected to be greatly 
reduced at high dilution rates, the reactor was reseeded with organisms 
2hQ 
from the activated sludge unit of one South River Sewage Treatment Plant 
of Atlanta after termination of the glucose runs. The reactor was oper­
ated at a detention time of about eight hours for two days before begin­
ning the galactose series in order to achieve a reterogeneity compatible 
with the environment associated an low rates of hydraulic displacement-
Procedures for sampling and operation of the continuous culture 
system during the galactose runs were essentially similar to what have 
been described for the glucose runs. 
tie last series of runs was made with mixtures of glucose and 
galactose fed as the carbon and energy sources, starting the series fol­
lowing reseeding and operation at a high detention time as mentioned 
above. Influent and reactor samples were analyzed for both glucose and 
galactose while the other steps of the procedure were similar to those 
of the glucose and the galactose runs. 
Bacteriological Examinations 
Delineation of the taxonomic composition of the culture at a given 
dilution rate and its variation from one dilution rate to another calls 
for the study of morphological characteristics, staining properties, en­
richment and subculturing, isolation of species, nutritional character­
istics, fermentative, and other metabolic properties and identification 
of the different species which were outside the scope of this investiga­
tion. Nevertheless, the following simpler examinations were made of 
the cultures grown at a low and a high detention, time for each of the 
two substrates in order to ascertain if there existed any easily detec­
table indications of difference in compositions of microbial populations 
2hi 
at the two extreme values of the dilution rates used in the series of 
continuous runs: 
1. Microscopic examination for morphological variation. 
2. Physical characteristics (shape, size, appearance, odor, etc.) 
of colonies grown on tryptone-glucose extract agar of Standard Methods 
(327)• 
3. Gram staining properties by the Gram stain technique of Stan­
dard Methods (327). 
h. Presence of coliform groups by the membrane filter technique 
(327)• 
5- Pigment formation and light absorption properties of alcohol 
extractible pigments (Cassell, et al. (270)). 
Problems in the Attainment of Steady States 
Nature of the Problem 
Adherence of bacteria on solid-liquid interfaces and irregular 
sloughing of slime growth proved to be a serious menace to the achieve­
ment of stable steady states. Due to inconsistencies in data and highly 
oscillatory concentrations of substrate and organism, a few runs had to 
be rejected and repeated in the initial phases of the research. An ad­
ditional search of the literature was undertaken to ascertain if there 
existed any technique which could be used to alleviate this serious 
problem. 
Experiences of Other Investigators 
Slime growths on reactor surfaces have often been the cause of 
poor experimental results (62-65,26l,225,239,252,253)• Holme {23k) re­
ported on the termination of many experiments due to severe slime forma-
2h2 
tion by Eh_ coli B. Button and Garver (26.1.) used fh_ utilis in lieu of 
coli due to the slime forming properties of the latter- Bryson (252) 
has reported on erroneous functioning of turbidostat due to "wall growth" 
in the growth tube. 
It appears that the extent of wall growth depends on the adhesive­
ness of a particular strain of bacteria (252,26l), the chemical nature 
of the growth medium (252), and the nature of the solid surfaces (26l, 
252). Wall growth is most predominant at lower dilution rates and with 
heterogeneous culture (239,225^226). Dias^ et al. (396) have reported 
that, in heterogeneous cultures grown on sewage and glucose, fila.men.tous 
sphaerctilus was the dominant organism of the slime layer at high dilu­
tion rates, at pH values of or more, low oxygen levels, and in the 
presence of nitrogen and phosphorus deficiencies, 
Failure to attain stability in the presence of slime is mainly 
attributed tc the creation of a non-homoegneous culture--partly in the 
solid and partly in the liquid phase--which is contrary to the assumption 
in the derivation of the steady state equations. Because of adhesion on 
solid surfaces, growth of the slime cannot be balanced by hydraulic di­
lution and the basic premise of continuous culture theory that net spe­
cific growth rate Is equal to the dilution rate does not hold. Slime 
growth thus led to unsteady situations. When adherent cell population 
forms a considerable fraction of the total reactor cell population of 
low density obtained at higher dilution rates} serious deviation of ob­
served density from the theoretical values may be expected* Situations 
may be encountered where the bacterial concentration in the mixed liquor 
may be almost zero at high dilution rates exceeding km, and yet complete 
2M-3 
washouts in terms of substrate utilization cannot be realized due to 
growth and assimilation of the substrate by the attached organisms. 
Due to higher consumption of substrates at lower dilution rates, slime 
was formed in thicker layers and sloughed off the solid surfaces from 
time to time, thereby causing momentary increase in organisms concentra­
tion accompanied by a decrease in substrate concentration in the reactor. 
The amplitude of oscillation of substrate concentration relative to the 
steady state value is expected to be more at lower dilution rates, whereas 
that of organism concentration is expected to be more at higher dilution 
rates. 
Various remedies such as coating the reactor surface with special 
compounds (252), vigorous agitation, scouring the reactor surface with 
glass beads (317) and magnet (320), mechanical scraping of slimes by 
"windshield wiper" arrangement (2f2,397) ; etc. have been used. Unfortu­
nately, none of these methods appeared to be very successful and free 
from operational difficulties. Some investigators have not used any re­
medial measures and the reported results are of doubtful significance 
in cases cf slime forming cultures, and when the reactor surface area 
becomes larger compared to the culture volume. It was apparent that no 
technique for preveuLion or control of slime growth was available at the 
time. 
Technique Used for Controlling Slime Growth 
The procedure used for control of slime growth during this re­
search was to thoroughly brush all of the surfaces in contact with the 
culture with a large test tube brush with heavily filled bristles and 
attached to a heavy handle of adequate length. The frequency of brushings 
2kh 
to dislodge the attached organisms depended on the estimated generation 
time in a particular run. The interval between two consecutive brusn-
ings was not more than the estimated generation time. A very improved 




PRESENTATION AND DISCUSSION OP THE EXPERIMENTAL DATA 
Presentation of the Experimental Data 
The experimental data on continuous culture runs with glucose,, 
galactose, or mixtures of two sugars serving as the growth controlling 
substrate are presented in tabular form in Appendix XIV. Figures 3<8 
and 39 show the results of typical runs with single substrate and mixed 
substrate, respectively. All steady states were characterized by oscil­
lations of substrate and organism concentrations about a mean. Slime 
growth on surfaces exposed to the culture posed a definite impediment 
to attainment of steady states. Slimes not only caused erratic fluctua­
tions of concentrations of substrate and organisms but also made attain­
ment of steady state impossible when the reactor was operated at dilu­
tion rates of 0.3/hr or less. 
In the presence of slime growth, the total quantity of organisms 
in the reactor was more than what would hove been present solely as sus­
pended solids at a given dilution rate if only suspended organisms were 
present. Therefore, as a result of slime, the substrate concentr,i uico 
tended to be much lower (sometimes zero), and the mean organism concen­
tration tended to be much higher than the corresponding steady state con­
centration predictable from theory. This chonge of substrate concentra­
tion is illustrated in figure 38- Substrate concentration could be de­
pressed by as much as fO percent when slime was allowed to accumulate. 
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(Galactose) 
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95% CONFIDENCE LIMITS 
OF THE MEAN 
(Glucose) 
20 40 60 80 100 Time in Hours FIGURE 39. A TYPICAL STEADY STATE RUN WITH MIXED SUBSTRATE. FLOW RATE (a), GALACTOSE CONCENTRATION̂) AND GLUCOSE CONCENTRATION(c) AS FUNCTIONS OF TIME. 
Some base level fluctuation of steady state concentration was 
almost inevitable because of the variation in flow rate which could not 
be avoided completely. Periodic sloughing of slimes gave rise to mo­
mentary increases in the organism concentration which were tnen gradu­
ally diluted out with time to the level existing prior to sloughing. 
Thus, erratic oscillations of solids and substrate concentrations were 
superimposed on tne low base level .of fluctuations. Sloughings at low 
dilution rates were heavy and more frequent since higher levels of solids 
could be maintained at these dilution rates. Heavy sloughings caused 
great dips of substrate concentrations, sometimes to the zero level, 
foe pi-o of figure 39 is typical of runs in which the reactor was oper­
ated without the occurrence of appreciable slime growth. 
The mean of the observa*ions, excluding observations taken during 
transition periods between steady states on any parameter during a run, 
was taken as tne steady state value of tne parameter for the detentfori 
time of the run. Tables 7 , 8, and 9 present the steady state values of 
parameters for different detention times when glucose, galactose, and 
mixtures of glucose and galactose were being used as the substrates. 
Discussion of the Experimental Data 
Variability of the Environmental Factors, Substrate, and Organism Concen­
trations in the Steady State Runs 
Because steady state conditions should be characterized by con­
stant values of environmental parameters and substrate and organism con­
centrations, it was decided to examine the variability of these parameters 
during a steady state run, as well as the effect of the detention time on 
the variability of steady states. 
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1 184.7 2.8 0.5845 62.2 91.0 1.41 5-710 4.050 6.2 20.4 6.6 
2 135-1 3-1 0.4568 48.6 75-3 1.84 5-735 3.H7 4.6 20.4 6.8 
3 150. 4 2.5 0.4490 47.8 84.4 2.55 5.771 2.263 3.1 21.2 6.8 
4 148.0 5.8 0.1251 72.0 85.O 2.99 5.790 1.936 6.2 20.0 6.8 
5 77-0 5-8 0.0734 43.0 39-1 2-99 5.790 I.936 5.6 21.0 6.8 
6 lkk.3 41.1 O.081.3 47.4 64.9 3-30 5.802 1.758 4.7 20.8 6.7 
7 166.5 64.2 0.0909 52.8 65.2 3.60 5.814 1.615 7.8 19.8 6.8 CO 222.9 85.4 0.1196 67.8 88.7 3.84 5.823 1.516 5.2 20.5 6.7 
9 176.8 87.6 0.0828 48.3 62.0 4.58 5-847 1.277 5.7 20.5 6.8 
10 185.6 131.8 0.0691 40.6 - - 5.00 5.860 1.172 9.8 20.2 6.8 




from Equation 132. 








tion 2.1 0. 
Table 8. Summary of Steady State Runs with Galactose as the Substrate 
Run Galactose Cone. Dehydroe ĵ nase A. J F I V E Organism Total Flow Culture Deten­ DO Temp pH 
No. Influent Reactor Activity Cone. Solids Rate Volume tion 
1 cm Cell 10 cm Cell 1 0,11 Cell 1 0 cm Cone 0 V 
Time 
„ga A v O Yot Q 0 ' 1 A 1 0 X.l Xl r (mg/X) (mg/X) (o.d.) (o.d.) (mg/X.) (mg/ t) (mg/ (l/hr) (hr) (mg/jO (°C) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 136.4 4.3 0.1541 83.5 90. 0 0.935 5-535 5.92 1.8 21.6 6.8 
2 131.8 4.0 0,0573 0.6010 35-3 63" 9 66. 0 O.950 5.539 5.83 2.0 19.8 6.8 CO 181.2 1-9 O 0 I 7 2 1 _ _ 92.5 102. 0 1.500 5.715 3.81 4.8 20.0 6.7 
4 184,4 62.9 0.2655 72. 0 1.760 5.736 3.26 6.7 I 9 . 9 6.8 
5 185.6 87.7 O.0666 60. 0 1.940 5-741 2.96 5.3 20.0 6.8 
,.c 197.4 26.8 0.i848 100. 0 2.020 5.745 2.84 1.8 20.6 6.8 
7 161.0 100.7 0.3502 -- 37- 3 4o. 1 2.290 5-759 2.51 6.2 20.2 6.8 
8 187.3 116.2 — 0.1068 1 1 . h 26. 7 2.740 5.780 2 .11 6.7 20.1 6.8 
9 165.2 24.0 53-9 63.0 2.810 5.783 2.06 4.8 20.4 6.8 
10 193.8 172.8 0.0212 0.1344 17.4 14. 3 29. 4 2.990 5.790 1.94 6.0 19.5 7 .1 
ii 255.8 133.9 0.0958 54.5 -• 53. 1 3-520 5.811 I.65 4.1 21.0 6.9 
Note: Figures in columns 7, 8, and 10 are computed from 








tion (%) 3-0 1.7 
Table 9 . Summary of Steady State furs with Glucose-Galactose Mixtures 
Run Glucose Galactose Dehydrogenase Solids Flow Culture Deten- DO Temp. pH 
No. Concentration Concentration Activity Cone. Rate Volume'" tion 



































1 113.9 3-2 119.9 3-1 0.1615 11^.0 2.02 5-7^5 2.81+ 2.C 19-3 6.80 
2 120.7 1.7 153-1 37-2 O.lMhl 110.0 2.62 5-77J+ 2.20 3-6 19.8 6.78 
3 129.1 5-5 185.2 67.9 O . O 8 5 8 0.400^4 118.6 2.85 5-786 2.00 h.o 20.1 6.80 
h 151 .1 Uk.Q 165 • 3 127.9 0-3312 0.2285 88.5 3.32 5.803 1-75 5-^4 20.1 6.78 
5 157.0 7^.1 190.5 150.5 0.17 hi 69.6 3.51 5.811 1.66 6.5 20.2 6.80 
6 163-J+ 85.8 201. k 167.7 0.1T30 72.0 3.90 5.812 1.1+9 G.h 20.5 6.78 ro 
7 168.0 106.9 195.7 19k. 0 -- 0.1678 52.0 h.ho 5.81+2 1.33 6.3 20.8 6.82 H 
8 I 8 5.O 126.0 21^4.0 187*0 0.1377 52.2 5.09 5.863 1.15 6.0 21.0 6.76 
-# 
V = 5^71 + 2 3 1 . 6 3 H (Equation ikh) Avera^ fe 20.2 6.79 
where H = 0.1703 + O.3868 log Q (equation ihG) Standard 
Deviation 0-5^ 0.0^7 
Coefficient 
of Varia­
tion a) 2.6 0.7 
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Environmental Factors. The important environmental factors were 
the flow rate and the dissolved oxygen concentration, pH, and temperature 
of the mixed liquor«. The coefficients of variation for flow rates, 
temperature, and pH during any run did not exceed h.O, 5-0? and h i per­
cent, respectively. The dissolved cxygeu (DO) was not lower than 1.8 
ppm during the course cf any run- Therefore, sufficient dissolved oxygen 
was present and growth was not influenced by DO in these experiments 
since the values maintained were always above the 0,5 mg/X shown not to 
be growth limiting (6l). Table 10 summarizes the variability of temper­
ature and pH between runs with a given type of substrate. 
Table 10. Variability oh Temperature a:.a1 pH Between the Runs 
for the Indicated Substrates 
Substrate Mean cf All Runs Variability Between Runs 
Standard Coefficient of 
Deviaticr Variation [jo) 
Temp(°C) pH Temp( C) ~pH Temp pH 
Glucose 20,5 6U?6 0.^3 0.06 2,1 0.8 
Galactose 20.3 6»8l 0,S0 0.11 3-0 1=6 
Mixed Glucose ^ r Q £ 
and Galact. se ' y 
Sues trace ard Organism Concentrations. Figure hO shows the vari­
ability of selected parameters for conditions of steady states with glu­
cose as the sues* a'e Ire coefficient of variation of steady state 
glur:re appeared tc be a, function of the detention time; it was highest 
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FIGURE 40. VARIABILITY OF INFLUENT AND STEADY STATE GLUCOSE 
CONCENTRATIONS, DEHYDROGENASE ACTIVITY AND 
FLOW RATE AS FUNCTIONS OF DETENTION TIME. 
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at the highest detention time, but it decreased sharply as detention 
time was decreased. The high variability of the reactor glucose con­
centration at high detention times (Runs 1 through 5) is partly atfri-
b ' able !" the relatively low degree of accuracy of the analytical 
technique used to measure glucose concentrations below 10 ppmu It has 
been pointed out by several authors that steady state substrate con­
centrations are more unstable in continuous cultures with heterogeneous 
populations than in pure cultures (222,398,399,^-00)' Therefore, as the 
heterogeneity of the population decreases with the increase in dilution 
rates in continuous mixed cultures. It is logical to expect (as shown 
in Figure 40) that the instability (as measured in terms of variability 
from the mean) will also decrease with increase in dilution rates. Thus 
a high degree of stability of steady state glucose concentration could 
be attained at the lower detention times; the variabilities at the two 
lowest detention times were of the same order of magnitude as the vari­
abilities of the flow rates at these detention times. The low vari­
abilities of influent glucose concentrations and flows were not depen­
dent on detention times and could only be due to experimental inconsis­
tencies and equipment performance errors. 
Al4hough data from the glucose runs are discussea herein to il­
lustrate the variability of steady state and its dependence on detention 
hue, similar conclusions could also be drawn from the data of the ga­
lactose and glueose-galactose runs. 
The change in the variation of the substrate concentration under 
conditions of steady states of tie mixed, continuous cultures can be 
illustrated by considering the growth rate curves of seven different 
species (see Figure hi) constituting a hypothetical mixed culture. If 
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FIGURE 41. T H E SPECIFIC GROWTH RATE CURVES OF S E V E N 
MICROBIAL SPECIES CONSTITUT ING A HYPOTHETICAL 
MIXED C U L T U R E . 
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this hypothetical reactor is operated at a high detention time, 9_̂ , 
Species 2 predominates by virtue of its capability to grow faster at 
low concentrations of substrate, albeit all seven species can survive 
at this detention time. Clearly, Species 2 would prevail at the highest 
population density relative to others as it grows most efficiently at 
low dilution rates and substrate concentrations. If it is assumed that 
the steady state concentration of substrate at the detention time of 
9^ is X x, then for any finite positive deviation, A9^, of the detention 
time, Species 2 will have increased advantage over the other species 
with the result that the steady state substrate concentration will be 
lowered by ( A x f) x. On the other hand, for any negative deviation of 
the detention time, all species other than Species 2 gain in their popu­
lation densities with the result that there is an upswing in the steady 
state substrate concentration by an amount of ( A X 1 ) S . However, due to 
the hyperbolic nature of the growth rate curves, (AXi ) s would be greater 
than (AX 1) 1 even though 9_̂  deviated by the same amount, A9_̂ . If the de­
tention time is now decreased to 6_̂, Species 1 through 5 will be washed 
out as the dilution rate (l/9^) exceeds the maximum specific growth rates 
of these species. Thus, the heterogeneity of the bacterial population 
will decrease markedly due to increase in the dilution rate. Fluctua­
tion of the detention time by an amount A9 will cause fluctuations in 
<» ^ 
s s 
the steady state substrate concentration by amounts -{t&i ) 3 and t(AXx )± 
The magnitudes of the deviations due to the nature of the basic relation­
ships are such that the oscillations ( A x f ^ / x f and (AX^) 2 /AXi at lower di 
lution rates are greater than those, namely (Axf ^/X]. and (l&i )^./X.1 , 
at higher dilution rates (see Figure hi). It may therefore be concluded 
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that, in heterogeneous continuous cultures, unstable and oscillatory 
steady states are almost inevitable; furthermore, the instability in­
creases with increasing detention times due to the prevalance of higher 
degrees of heterogeneity. Some investigators (222,253; 398, l+Ol) have 
implied that steady states in heterogeneous cultures are extremely 
oscillatory and have suggested the use of frequency response analysis 
to fit the oscillatory steady states. The preceding discussion served 
to indicate that steady states in heterogeneous cultures need not be 
highly oscillatory, especially at higher dilution rates if slime growth 
is controilled. host investigators did not control slime growth which 
was responsible for the high levels of oscillations of steady state 
substrate and organism concentrations. 
Continuous Culture Studies with Glucose and Galactose 
The steady state data from the experimental runs with glucose 
and galactose were used for the determination of the growth kinetic 
constants of the organisms on each substrate. The data also furnished 
information regarding the variation of the physiological capability of 
the cultures with shifting of the detention time. 
Glucose Studies. The specific death rate constant, k the true 
yield coefficient, Y, the coefficient of energy of maintenance, m, the 
substrate utilization factor, , the maximum specific growth rate con­
stant, k1", and the saturation constant, K, were determined from the in­
tercepts and slopes of the linear regression lines of Equations 93; 
6 0 A , 63, and 6lB, respectively. The values of the dependent and the 
independent variables of the different linear functions are presented 
in Table IT for the various detention times employed, figures h2 and 1+3 
Table 1 1 , Data for Delermination of Growth Constants for Glucose Grown Cultures 
Run Deten- y 0 t g g Observed Yield Coefficients 0 3 
Mo, tion ^ L ^ l . = J _ Active Solids Total Solids I 2 - R T - + K ' A K 
' X G - X ? (hr) ( ( m g / ^ ) (hr'1) (hrs) 
7 9 10 12 
1 4,05 1,4630 2,92 0.343 0,500 2,7555 357.143 0,363 
£ 3,12 1 . 5 ^ 2.72 O.368 0.570 2,2909 322,581 0,437 
3 2o26 1,7636 3*09 0.324 0.570 1.7905 400,000 0,559 
f I.9U 1,1.806 1,98 0.b05 o>598 1 A I R 172.414 0,632 
c 0 1.9)4 0,9093 1,66 0,602 0.549 1=5837 172,414 0.632 
6 1,76 1.3692 2,18 0.1+59 0,629 L.4616 24,331 0.684 
, 1.62 1.23^8 1.96 0,510 O.631 1.3638 15-576 0,733 
8 1.52 1.3083 2,03 0,493 1 ..645 1.2922 11,710 ccf,'4 
9 1,28 1.2836 I.85 0,541 0.695 1.1145 l l , 4 l 6 0,897 
L0 1.17 l>33 0.752 1,0302 7,587 O.971 
Note: 1* Figures in columns 3, 5, 7, and 10 are calculated from data in. Table 7 O 
Specific death rate, It* 0 . 1 l 6 / h r from Figure 4 2 , 
k'g « SLOPE = 0.11 57/hr 
INTERCEPT = 1.09 (THEORE' rtCAL INTERCEPT = 1.00 
• 
m . • 
• 
0 1 2 3 4 
DETENTION TIME, fl/hour) 
FIGURE 4 2 . DETERMINATION OF THE SPECIFIC DEATH RATE C O E F F I C I E N T , k1, FOR GLUCOSE 
GROWN CULTURES. 3 
2 
INTERCEPT = 1.1894 
Y= 1/INTERCEPT =0.8408 
SL0PE= 0.4756/hr 
m g = SLOPE - k*/Yg 
= 0.338/hr. 
• 




0 1 2 3 4 
DETENTION TIME, 6r (hours) 
FIGURE 43. DETERMINATION OF T H E T R U E Y IELD COEFFICIENT OF ACTIVE SOLIDS AND T H E 
MAINTENANCE COEFFICIENT FOR GLUCOSE GROWN CULTURES. 
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show the regression lines of Equations 93 and 6 0 A , and the values of k', 
'L , U , and m were determined to be 0.Il6/br, 0.8Ul, 1 .19 , and 0.338/hr, 
respectively. 
The plot of data pcirhs in Figure khk indicated that a curve 
(shown as dashed line) apparently could fit the data better than the 
linear regression line 1 (solid line). The data thus emphasized the im-
portant fact that, as detention time was decreased , the intercept de­
creased meaning that the maximum specific growth rate of the culture, km, 
o 
increased. The slope of the dashed curve increased with the decrease of 
detention time which, coupled with the increase in km, meant that the sa-
titration constant, K , increased with the decrease in detention time. It 
appears, therefore, that, at low detention times (high dilution rates), 
tne composition of the culture apparently changed from one dominated by 
species with l~w k m and K to one In which species characterized by appre-
ciably higher values of k^ and dominated. Experimental results obtained, 
from continuous culture runs witb galactose and mixtures of glucose and 
galactose (see Figures hQ aid. 56) als , indicated similar shifts in the 
taxonomic makeup of the population at lower detention times. The aspect 
of population shifts with shift in detention time is discussed in a fol­
ic wing section. Since the aggregate microbial populations at detention 
times below I.96 hours appeared, to be characterized by higher values of 
k m and K, it was decided to use two linear regression lines to represent 
che data: (a) regression line 3 (Figure hh-B) to represent the data collected 
The subscript, g, is used to indicate that the parameters k , 
Y, U3 and m are for the glucose grown, cultures. 
It should be noted that increase or decrease of detention times 
is tantamount to increase or decrease of 9 ,/(l+k*S ) of Figure hhA. 
A. DETERMINATION of "AVERAGE" k m & K ASSUMING UNIFORM POPULATION COMPOSITION at ALL DETENTION TIMES 
2.%r 4,5 
-LINEAR 
R E G R E S S I O N L I N E I 
N O T E : 
N U M B E R S AGAINST P L O T T E D P O I N T S D E N O T E R U N N U M B E R S 
TO 8 0 160 2 4 0 
! / X ? , < m g / l f 1 
"520 
B. DETERMINATION OF k m a n d J l for SLOW and FAST GROWING CULTURES FED with GLUCOSE 
L I N E A R R E G R E S S I O N L I N E 3 
I 
L I N E A R R E G R E S S I O N L I N F 2 
I N T E R C E P T S L O P E Kg 
L I N E (hr) (hr.mg/f (hr) (mg/1) 
1 1.2144 2 .8365 0 , 6 2 3 5 2 . 8 4 
2 1.3737 2.3611 0 7 2 8 0 172 
3 0.7086 42 .4733 14112 59.9 
L I N E A R R G R E S S I D N L I N E I 
C O E F F I C I E N T 
O F VARIAT IONJ 
S T A N D A R D E R R O R 
O F E S T I M A T E 









0 . 0 8 2 8 
HIGH 9 R 




l / X | , ( m g / i f 1 
2 4 0 
3 
3 2 0 
FIGURE 44 . DETERMINATION OF k AND K FOR GLUCOSE GROWN CULTURES. 
400 
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at lower detention times., and (b) Line 2 (Figure hkB) to represent data 
at higher detention times. From comparisons of :e standard errors of 
estimate as noted in the table of Figure tt, it was concluded that two 
m 
regression lines yielding two sets oi k and K provided a better stcchas-
o g 
tic description of the observations than a single regression line. 
Curves 2 and 3 of Figure 4 5 are the calculated growth rave curves 
for the slow and fast growing populate = is ar the higher and lower deten-
tl times when glucose served as the sole substrate. The solid curve 
fits the observations better then Curve 1 defined by the "average" k m 
and K computed from regression Line 1 of Figure tf-A, The computed values 
of k and K for Curves 1 and 2 of Figure 45 are compared in Table 12 with 
g g 
the values of these curs ha- •s reported by other investigators. 
Ar very low detention times (below about 1,25 hours), cultures 
grown on glucose produced about 6f mg/i of acetic acid as determined by 
chromatography (F & M Scientific 700 Laboratory Chromatography Hewlett-
Packard, Pasadena., California) . Volatile acid production in high rate 
aerobic processes has been observed by Plrf (235)? Chain and Mateles (222), 
and Maxon and Johnson (391)* The phenomenon of volatile acid production 
by aerobic organisms may be explained by the postulate that, at very high 
eatabolic rates, the oxidative enzymes may become saturated and the glyco­
lytic enzymes having volatile acids as end products may become operative. 
The production of organic acids points to the limitations of the high 
rate process. 
Galactose Studies. Tire data presented in Table 13 were used for 
the determination of the regression lines illustrated in Figures 46, ft, 
and 48, The specific death rate constant,, k , the true yield coefficient, 
0.63 1.02 1.10 
STEADY STATE GLUCOSE CONCENTRATION, Xj| (mg/ t ) 
FIGURE 45. SPECIFIC GROWTH R A T E S OF GLUCOSE GROWN CULTURES AS F U N C T I O N S OF 
STEADY S T A T E G L U C O S E CONCENTRATIONS. 
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Table 12. Comparison of Values of the Maximum Specific Growth Rate 
Constant and the Saturation Constant Reported by Various 
Investigators for Glucose Grown Cultures 
Investigator Organism Type of Culture 
(hr 
K g mg/4) 
1. Monod (7, 
38) 
2. Rao (402) 
3. Baidya, et 
al. ( 1 3 V T 





K. a e r o g e n e s 
K. aerogenes 
5'. Schulze (64) Eh_ coli 
6. Schulze (65) Eh coli 





























Slow growers at detention times above 1.7 hours, 
âst growers at detention times below 1.7 hours. 
Table 13. Data for Determination of Growth Constants for Galactose Grown Cultures 
fun Deten­ ct AI 1 Observed Yield Coefficients E r 
1Q 3 






U'O'"' yc a Active Solids Total Solids 
Y° a 1 ;'c * - , 
JMo. M i+k e 
r 
r 
(hrs) (hr) (mm/1 1) (hr"
1; 
1 2 3 4 
LT\ b 7 8 9 
1 1.0778 1.5820 0.6321 0.681 5. .0991 232.558 0, 196 
2 5*33 1.330c 2.5766 0.3881 0c flf 5- 0319 250.OOO 0, 199 
f 3-81 1.1021 1.9384 0.5159 0.569 3. • 4523 526.316 0. 290 
3-28 -,- 0.593 2. ,9944 15.898 0̂  334 
5 2. Qo T.fOOO 2*4475 0.4o86 0.613 2. • '395 11.403 0. • 365 
6 2.84 1.0182 ..7267 0.5791 0.589 2. .6365 37-313 0, •379 
7 2.51 1.0751 2.1528 0.4645 0.585 2, -3495 9-930 0. 4l6 
f 2.11 __ 1. •9955 8.606 0. . 50T 
9 2.06 1.1688 2.6197 0.3817 0.5630 1. -9508 41.687 0. .513 
10 1.94 1.3249 0.7548 1, .8427 5.787 0 543 
ii 1.65 0.9743 2.2367 0.^471 0.4656 1. • 5791 7.468 0 633 
RO 
OR 
Note: 1. Figures in columns 3j 4, 6, and 8 are calculated from data in TabTe 8. 





k' = SLOPE • go 0.0272 HR ' 
INTERCEPT = 1.06 • THEORETICAL SLOPE 
= 1.00 # • — • • • 
0 1 2 3 4 5 6 
D E T E N T I O N TIME ,9f , HOURS 
FIGURE 4 6 . D E T E R M I N A T I O N OF T H E SPECIFIC D E A T H R A T E COEFFI­
CIENT, k'nn FOR GALACTOSE G R O W N CULTURES. 
DETENTION T I M E , 0 r , HOURS 
FIGURE 47. D E T E R M I N A T I O N O F T R U E Y I E L D C O E F F I C I E N T A N D 
M A I N T E N A N C E COEFFICIENT FOR G A L A C T O S E G R O W N 
C U L T U R E S . 





k m - 1 K ^ ^ x S L O P E 
(mg/l) 
STD. ERROR OF 
ESTIMATE «° INTERCEPT 
( h r " ' ) 
1 2.1328 12.2173 0.469 5.7 0.4343 
2 2.5844 10.1970 0387 3.9 0.2592 
3 0.8862 132.8071 1.128 149.9 0.2736 
40 80 120 
TTl 
ga -I 3 
! / X , (mg/l) x l O 
FIGURE 48. DETERMINATION OF k AND K FOR GALACTOSE GROWN CULTURES. 
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f , the substrate utilization factor, U . and the coefficient of 
gat J ga* 
energy of maintenance, ffi.,,^ , were calculated tc be 0.027/hr, O.586, 
1.709^ and 0.0433/hr, respectively. Figure kQ very much resembles Fig­
ure khA, aad the kinetic characteristics of the galactose cultures at 
lower detention times were clearly defined by considerably higher values 
m 
Of k and. K . Thus, the heterogeneous populations prevailing at the 
ga ga 
two ranges of detention times demonstrated different kinetic character­
istics as summarized below: 
Populations prevalent a+ 6 > 3.0; k m - 0,387/hr, K = 3-9 mg/i 
ga ga 
Populations prevalent at 9 < 3 .O; k m = 1,128/hro K = 1^9.9 mg/4 
r ga ga 
Figure 49 shows the growtr ra+. e curves defined by these two sets of con­
stants . 
Comparison of the Growth Kine 11 •.  Properties cf Cultures Grown on 
Glucose and Galactose ., One of • c objectives of this research was to in­
vestigate if the growth kinetic constants of each individual substrate 
were indicative of its fate when subjected to microbial degradation along 
with other competing substrates. In order to predict the probable role 
,i glucose and galactose in o_rhrcHi eg microbial growth on mixed glucose-
galactose, it is necessary to critically compare the growth kinetic pro­
perties of cultures grown on either substrate as the sole carbon and 
energy source. The growth kinetic constants for the heterogeneous cul­
tures grown on glucose and galactose are compared in Table l4 . 
The subscript, ga, Is used to indicate that the parameters k , 











(hr" 1 ) (mg/l) 
1 0.469 5.7 
2 0.387 3.9 
3 1.128 149.9 
NOTES 
EXPERIMENTAL POINTS AND 9 5 % CONFIDENCE 
LIMITS 
NUMBERS AGAINST PLOTTED POINTS DENOTE RUN NUMBERS. 
EXPERIMENTAL POINTS PLOTTED AT X : ° AND k = 1/ + . 
R CALCULATED FROM EQUATION 40. GO 
GALACTOSE CONCENTRATION IN REACTOR, X* T M G / l ) 
FIGURE 49. T H E SPECIFIC GROWTH RATE OF GALACTOSE GROWN CULTURES AS A FUNCTION OF 
STEADY STATE GALACTOSE CONCENTRATION. 
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Table ih. Comparison; of Growth Kinetic Constants of Glucose 







High Detention Time how Detention Time 
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The specific death rate constant, k o f cultures grown on galac­
tose was considerably lower than that for cultures proliferating on glu­
cose. As shown in Figure 50, the galactose grown cells were exposed to 
a much higher substrate concentration than the cells utilizing glucose. 
Substrate assimilations and total solids concentrations were, in general, 
higher at all detention times for the glucose substrate. Consequently, 
glucose grown cells were confronted with a high degree of physical 
crowding of cells, as well as higher concentrations of metabolic waste 
products, lower substrate tension, crowding, and higher concentrations 
of waste products are possible causative effects for the observed high 
specific death rate cf the glucose grown cultures. The data therefore 
supported the arguments advanced, by some authors (13,42,53j? 8l) that 
death rate is a direct function of concentration of toxic metabolites 
and solids concentration, and an inverse function of extracellular sub­
strate concentration. 
Some remarks regarding the technique of measurement of the speci­
fic death rate constant are appropriate at this point. The values ob­
tained by the chosen procedure did not seem to be unrealistic. The 
2V1 
0 1 2 3 4 5 
DETENTION TIME , 0 r (hours) 
FIGURE 50. STEADY STATE SUBSTRATE AND ORGANISM CONCENTRA­
TIONS AND SUBSTRATE CONSUMPTIONS AS FUNCTIONS OF 
DETENTION TIME. 
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variation of kj_ for the glucose and galactose grown cultures could be 
appropriately attributed to variation in culture density, anticipated 
concentration levels of toxic metabolites and extracellular concentra­
tions of the substrate. Furthermore, the linearity of the plots of 
Figures k-2 and h6 as dictated by the theory and the fact that the inter­
cepts (1.09 and 1.06) of the linear plots closely approximated the theo-
retical intercept of 1.00, furnished evidence that the adopted technique 
was capable of providing a good estimate of this constant. 
A comparison of the values of substrate utilization factors, U^, 
and maintenance coefficient, m, for the glucose and galactose grown cul­
tures revealed that more galactose had to be diverted for synthesis of 
unit quantity of biomass than was required with glucose. As a result, 
the efficiency of the synthetic process (as reflected in the lower value 
of the yield factor) was lower when galactose served as the carbon source. 
The consequence of the apparent inefficiency of the synthetic process 
was that iess galactose could be diverted for furnishing the energy of 
maintenance through biological oxidation. On the other hand, a rela­
tively lower quantity of glucose (I.189 mg of glucose compared to 1.709 
:g of galactose) was needed for the synthesis of unit of quantity of 
biomass; as a result, more glucose was available for energy of mainte­
nance. The lower substrate utilization factor for glucose resulted in 
a higher true growth yield and a higher maintenance coefficient. There 
was Tittle doubt that the growth supporting ability of glucose was sub­
stantially higher than that of galactose. In addition, the coefficient 
of energy of maintenance of the dominants apparently varied directly with 
the yield factor and the maximum specific growth rate. 
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The yield coefficients on glucose and galactose were substanti­
ally different although both sugars undergo the same enthalpy change in 
oxidation. Thus, the contention of McKinney (114,115) that yield factor 
is dependent on the enthalpy change of substrate oxidation is question­
able. 
The yield coefficients on glucose and galactose were 0.40 and 
0.31 for batch cultures (see Chapter Vi) compared to 0.84 and 0.59; 
respectively (see Table 14) , for continuous cultures- Such differences 
in cell yields from batch and continuous cultures were also observed by 
Pirt (235)- As has been pointed out by numerous authors (253,226,59, 
225,240,321), inefficient metabolism and lower growth yields in a closed 
growth system like that of a batch culture are attributable to continuous 
change of oxygen and substrate concentration, pH, gradual buildup of 
concentration of toxic metabolic products, and heterogeneous age distri­
bution of the cells of the culture. 
The maintenance coefficient for growth on glucose (0.338) ap­
pears to be high, but maintenance coefficients of 0.473 and 0-300 for 
growth of A^ cloacae on glucose and of lipolytic bacterium on glycerol, 
respectively, have been reported (235-403). Only limited data on main­
tenance coefficients for heterogeneous cultures have been reported in 
the literature. The value of the maintenance coefficient for growth on 
galactose (0.0433) "was of the same order of magnitude as some of the re­
ported values of O.O76 (A. aerogenes, glucose)(59), 0.094 (A. cloacae, 
glucose)(235), and 0.055 (Ej_ cell, glucose)(62-65). 
It should be recognized that the substrate utilized for energy of* 
maintenance is oxidized to CO and H Q 0 in aerobic systems as was experi-
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mentally pr. veo by Mar.'-, ej_ a l , (66 7 1T can De e ncluded, therefore, 
that, compared be gala, f. se red cultures, glucose grown c e l l s oxidized 
a higher fraet icn of the assimilated substrate for maintenance. 
The higher maximum specific gg wt 'a~es of glucose grown cul­
tures (see Fcgure ;.l) indicate *.ne highe" eff ic iency of glucose as a 
carb n and energy source * It fad bee p s fculated by Monod (38; aid also 
stown in Chapter IV that k^ is related t. the maximum ve loc i ty of the 
mas: er or pa e matte enzyme . t. the enzyme system invclved in the break­
down of tne subs tr at e.> AfT.er pe "me a' . • auc ca ta ly t ic actions by the 
three galac t . se enzymes, galactose :a*ac lism proceeds via the same 
route as fe l l , wed for breakdown of glu-• >s e -6-phosphate which i s the 
f i r s t catabolite from glucose (see Figure k) ~ In view of these fac t s , 
m 
i t i s apparent that tne 1< wev- k_ f- galactose could have been caused 
either because rr:e galactose permease or &yy of the three galactose 
enzymes became the pacemaker enzyme whose maximum veloc i ty must nave 
been lower than the maximum vet, i \ v at" me pa.emaker enzyme in glucose 
metabolism.. Horecker. ej_ a l . (20) have concluded that, during bacter ia l 
metabolism cf galactose, transport Across the : e i l membrane by the per­
mease system was the rate limiting sffepo Kiprls , et a l , (4o4) also con­
cluded trat permease transp< ?i cenftrt is gahart se uptake in animal t i s sues . 
Cohn and Monod (152) and Poll :k ^ 153 1 a Is p-.l ea cut tha+ permease 
transport was tne ra'.e limiting step :- many cases* It i s therefore 
quite possible Thar i-. bhe systems studied,, permease transport was the 
gr wth controlling step in the galactose g'- w c e l l s . The Michaelis con­
stant for the galact se permease system of Eh_ ghl i has been reported to 
be 1,8 (2C) and 0,2 (272) mg/X measured as external concentration 01" 
1.0 
CURVE SUBSTRATE K 
(mg/l) 
1 GLUCOSE 0.824 2.84 
2 II 0728 172 
3 it 1.4 II 59.9 
4 GALACTOSE 0.469 5.7 
5 II 0.387 3.9 
CURVE SUBSTRATE k m 
(hr - 1) 
K 
(mg/l) 













40 80 120 160 
SUBSTRATE CONCENTRATION, X* ( m g / l ) 
FIGURE 51. COMPARISON OF GROWTH SUPPORTING ABILITIES OF GLUCOSE AND G A L A C T O S E . 
zO" 
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galactose. A saturation constant of four mg/X for galactose compares 
favorably with the reported Michaelis constant considering that K = K^/f 
(see Equation 51, Chapter IV) and f_ is a factor less than 1. Thus the 
value of K reported herein also substantiates the contention that the ga 
galactose permease system, in all probability, became the rate control­
ling enzymatic step in galactose metabolism. Since the reciprocal of 
the saturation constant is a measure of affinity of the cells for the 
substrate, it is evident, based on the experimental data, that the cul­
tures had a relatively higher affinity for glucose as a substrate for 
growth. 
Comparison of the maximum specific growth rates attained on the 
two sugars at high ard low detention times indicated that relative to 
glucose, galactose was not as inefficient a substrate for fast growing 
species as it was for the slow growers at high detention times. 
The important conclusion which can be drawn from comparisons of 
the growth constants of glucose and galactose is that, of the two sub­
strates, glucose allows lower minimum generation times and higher growth 
yields which in turn better ensure survival by more rapid mulliplication 
and total growth. It is not difficult to imagine, therefore, that a 
given bacterial population would prefer glucose as the growth controlling 
substrate when confronted with both glucose and galactose, so long as 
the former can sustain the highest achievable growth rate. Under such 
circumstances, physiological adaptation to galactose by formation of the 
galactose enzymes may be delayed until a point is reached where the de­
pleted glucose concentration allows a growth rate also allowed by the 
heretofore undepleted concentration of galactose. The result of such a 
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scheme of substrate utilization would be the occurrence of diauxie. 
Based on the differences between the maximum specific growth rates of 
glucose and galactose (k m-k m ) at low and high detention times (see Fig-
ure 5 1 ) , it may be expected that phasic uptake of glucose and galactose 
would be more favored by she slow growers under almost all circumstances. 
On the other hand, the fast growers may encounter environments in which 
the galactose concentration may be so high relative to glucose concen­
tration that both substrates can allow equally short generation times 
and under such circumstances the organisms need not resort to sparing 
of the galactose and no diauxie would be anticipated. Additional con­
tinuous culture experiments with mixtures of glucose and galactose were 
deemed necessary to verify these preceding postulates. 
Continuous Culture Studies with Glucose-Galactose Mixtures 
The purposes of extending the experiments with mixed sugars were 
to: (a) observe and record the growth rates an whicn galactose may be 
spared as a carbon and energy source, and (b) ascertain if the growth 
kinetic constants determined for the individual sugar should also de­
scribe its uptake rale from the mixture. All environmental factors (pH, 
temperature, concentrations of DO and nutrients., etc.) were necessarily 
maintained at the same levels as in cases of the runs with individual 
sugars. 
Active Solids Concentrations and the Specific Death Rate- Pre­
liminary plots of specific growth rates, which are approximately equal 
to l/9 (see Squatior. 73)? as a function of substrate concentrations 
provided ample evidence that the experimental data could be described 
by the Monod growth rate Equation 5 2 . The procedure for determination 
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of the growth constants, as already outlined in the previous sections, 
requires the use of active solids concentrations, X°, and the specific 
death rate constant, k \ However, the active solids concentrations de­
termined from the measured dehydrogenase activities were very low, so 
much so that these could, only be accounted for by unrealistic yield fac­
tors. Furthermore, the concentrations of active solids so determined 
were unexpectedly lower than the measured total solids concentration, 
as shown in Figure 52. If it is assumed for the moment that the corre­
lation between the dehydrogenase activity and active solids was valid 
for the organisms grown on glucose-galaetose mixtures, then the differ­
ence between the observed total solids concentrations and the computed 
active solids concentrations could only be attributed to inactive solids 
and cell debris caused by death» The specific death rates at various 
detention times, as computed from Equation 93 and shown in Figure 52, 
were obviously unrealistic as these exceeded 1.0 at most detention times-
It was apparent, therefore, that the established, correlation between de­
hydrogenase activities and active sclids concentrations did not apply 
to solids grown on mixed sugars. Consequently, it was decided to com­
pute active solids concentration from Equation 93 using the data on 
total dry solids concentration and a value of specific death rate con­
stant, k% estimated in a manner described below, 
Based on the established fact that k^ depended on the solids and 
substrate concentrations as well as on the amount of total substrate 
consumed, a realistic estimate of k" could be determined from a compara­
tive study of these levels in the glucose and the glueose-galactose cul­
tures. From Figure 53-A and 53B it appeared that the latter cultures 
• FGEND t 
H H B OBSERVED TOTAL SOLIDS CONCENTRATION, Xj 
I I ACTIVE SOLIDS CONCENTRATION FROM THE DEHYDROGENASE ACTIVITY = X 
DEATH RATE CONSTANT, k' = (X°*-X° ) / X ° 0 
RUN NO. 1 2 3 4 5 6 7 8 
DETENTION TIME, hrs. 2.84 2.20 2.00 1.75 1.66 1.49 133 1.15 
FIGURE 52. COMPARISON OF TOTAL SOLIDS CONCENTRATIONS WITH APPARENT SOLIDS CONCEN­
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FIGURE 53. COMPARISON OF SUBSTRATE TENSIONS, TOTAL SOLIDS 
CONCENTRATIONS AND TOTAL SUBSTRATE CONSUMPTIONS 
IN C U L T U R E S GROWN ON GLUCOSE AND MIXED GLUCOSE-
-GALACTOSE. 
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encountered more crowding and toxic metabolites than the former. This 
suggested that cultures grown on glucose-galactose mixtures might have 
experienced a death rate higher than that of the glucose cultures (in 
which k' = 0.1l6/hr). However, the higher levels of total substrate 
concentrations also shown on Figure 53C could conceivably offset the 
adverse effects of higher levels of crowding and toxic metabolites. 
Therefore, it can be anticipated that the specific death rates of the 
cultures grown on glucose and glucose-galactose mixtures could not have 
been very different. On this basis, a specific death rate constant of 
0.1l6/hr was assumed for the cultures fed with mixed sugars. Inasmuch 
as the value of k/_ for cells using mixed substrates could not be deter­
mined by a more sophisticated technique, the assumed value of 0.1l6/hr 
was not considered so different from the true value as to significantly 
affect the analyses which made use of this constant. 
Having chosen the value of k/, the active solids concentrations 
of Table 15 could be determined from Equation 93-
Determination of Substrate Utilization Factors, True Yield Fac-
tor, and Coefficients of Energy of Maintenance. In order to determine 
the amounts of glucose and galactose utilized for growth and energy of 
maintenance, the following substrate balances analogous to Equation 58 
were performed: 
v ^Jr = xf'q - x? a i> - kX°TO'a - m'ax;v (151O 
s a 
where Xf = galactose concentration in reactor in the presence of 
glucose 
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U' = galactose assimilated for growth in terms of milligrams of ga fc 
galactose used for synthesis cf a milligram of biomass 
m' = galactose utilized for energy . f maintenance in terms of ga °-
milligrams oi galactose used per milligram of biomass per 
no urn 
At steady state, Equation 15& reduces tc 
h ^ k ~ - + ( I 5 5 ) 
From the organism balance it s&r. be sh wr an. a maxaer similar to the 
organism balance of Squatioz 5h (see Chapter IV)> that 
k ^ - ••+ (56) 
Substituting Equatio . 56 irt> Equation If5 and rearranging 
9 (k'l ' f m' (156) 
m rv sa ga' v ' 
S imilarly from a glue;s e balance 
X x g rv g g/ 
where Of = glucose assimilate a :• gr. -w"n per unit quantity of biomass 
produced m terms of mg of glues se utilized for synthesis of 
one mg of ciemass, and 
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Table 15. Data for Determination of U", U' , m', 
g ga g 
and m' for 
ga Cultures Crown on Glucose -Galactose Mixtures 
Run Detention Viable Substrate Utilization per 
No. Time, 6 Solids*, X? Unit Quantity of Biomass 
1 Glucose Galactose 
(hr) (mg/X) (xf-xS)A? (xfa-xP')x° 
I 2 3 4 5 
1 2.84 85.8 1.2909 1.3621 
2 2.20 87.6 1-3579 1.3259 
3 2.00 96.3 1.2839 1.2185 
4 1-75 73-6 1.4436 0.5084 
5 1.66 58.4 1.4205 0.6854 
6 1.49 61.4 1.2640 0.5473 
7 1.33 45.0 1.3563 0.0285 
CO 1.15 46.1 1.2810 O.5862 
* 
1 i+k e ) 
\ r' 
• , k = 0.1l6/hr as decided from discussion of 
Figures 52 and 53• 
Note: ; Figures in col .umns 3, 4, and 5 are computed from data in Table 9 
"V, 
m' - maintenance c.-er :ic :e: * i . terms of milligrams of glucose 
used for supply!] , energy of maintenance per milligram of 
bi;mass per 1 ur 
Equations 156 and. 157 indicated that the total substrate utilization 
per- u it mass cf active organisms is a linear function of the detention 
time. The substrate utilizatl factors and the coefficients of energy 
of maintenance can te determined from 'he intercepts and tne slopes of 
"he straight lines obtained from regress,. :. analysis of (X§ a - x f a ) / x j 
or (x|--Xf)/X? - 6 , Figures 54 a - i 3 Show the regression lines (line 
1 in been figures) derived : cm analyses .. t das a presented in Table 1 5 = 
These analyses yielded negative values for rr/ and U'' . However, because 
a ga ' 
ir/ and cannot be less than zen, Equations 156 and 157 may be reduced 
to the following forms; 
Ihe slopes a. 1 iter ep-.s ci "he straigt - line functions represented by 
Equations 156 and 157 were determined : ram the following normal equa­
tions : 
(158) 
g r (159) 
(160) ga 
2 
LINE INTERCEPT SLOPE U' =INTERCEPT g m g - SLOPE -k 'Ug 
(h r " 1 ) 
I 1.2685 0.0456 1.2685 -0.1024 
2 1.1060 0.1283 1.1060 0 
g>v_. 
ZZZ..—- — — j ™"*1 • 
0 1 2 3 4 
D E T E N T I O N TIME .0 , . (hours) 
FIGURE 54. DETERMINATION OF GLUCOSE CONSUMPTION FOR GROWTH AND ENERGY OF MAINTENAN­
CE BY CULTURES GROWN ON GLUCOSE-GALACTOS MIXTURES. 
LINE INTER- SLOPE u' m' 
1 -0.24t6 0.6054 -0.2416 
2 0 0.4850 0 0.486 
Ugo= INTERCEPT 
m' = SLOPE - k' U' go go 
< 
0 1 2 3 
D E T E N T I O N T I M E , 0 Ihours) 
FIGURE 55. DETERMINATION OF GALACTOSE CONSUMPTION FOR GROWTH AND ENERGY OF MAIN­
TENANCE BY CULTURES GROWN ON G L U C O S E - G A L A C T O S E MIXTURES. 
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X L 1=1 i 
~ — - n — -
1 = 1 
( 1 6 1 ) 
Equa" : aa 160 and l6 l can be derived readily for least, square fitting of 
•• ' lines Laving zer LIUER-ep* and a known slope of k IQf'., respec­
tively, U ' and m* were calculated from the intercept and slope, re— 
g ga 
spe tively, of the regression lines of Equations 156 and 157 (Line 2 of 
Figures 5^ and 55) •> Si' *e the assimilated glucose only accounted for 
I - wt-] but n.:+' for any pas,T of energy of maintenance, 1/U was the true 
g 
gi wth .yield with respect to glucose. 
The interesting conclusion drawn from the foregoing analyses was 
thar + re glucose consumption accounted for the total growth, whereas the 
assimilated galactose appeared to have satisfied all of the requirements 
the energy of maintenance. It appears as though the organisms spared 
slut use, the more efficient growth yielding substrate, from supplying the 
energy of maintenance,. Being the least able of the two to support 
% •• wro; galactose was used in quami+. Les needed tc supply the energy of 
maintenance. Involvement of an additional WAD ir galactose catabolism 
(see E^-MAD in Figure kj also maK.es this substrate preferable to glucose 
as the energy substrate. The cells grown on glucose and galactose thus 
demonstrated a very remarkable capa ity in effecting the most efficient 
In the regeneration reaction of a reduced NAD, enough electro-
al energy is released tc effect formation of three moles of ATP 
pen- rm le or NADR^oxidized. Use of an additional NAD in the galactose 
psr ;• wa\- would mean the release of additional oxidative energy during 
galactose degradation. 
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allocation of substrates for growth and energy. 
The growth yield coefficient on glucose in the presence of galac­
tose (O.QOk) was slightly higher than that obtained on glucose alone 
(0.8Ul). The cells had the highest energy requirements (m' = O.U8fO/hr) 
ga 
for maintenance compared to those of the glucose and the galactose grown 
cells (m = 0.338/hr and m = Cu0^33/hr). The explanations for the very 
g g a 
high energy requirements include: (a) more energy of maintenance needed 
for higher growth yields; (b) more substrate had to be transported across 
the cell wall which consumed more energy; and finally, (c) additional 
galactose enzymes had to be synthesized. 
Determination of Maximum Specific Growth Rate and Saturation 
Constant for Cultures Fed with Mixed Sugars. Table 16 presents the data 
for regression analyses of 0 /(l+k'0 ) with the reciprocal of glucose 
and galactose concentrations. The regression lines (lines A and B) best 
fitting the experimental points are presented in Figure 56. As with 
those of Figures hh and hd for single substrates, these curves indicated 
that the intercept decreased and slopes increased (i.e., k m and K in­
creased) with decreases of detention time. Thus, the culture fed with 
mixed substrate also showed evidence of shifts in species composition 
with shifts in the detention time,. 
From comparisons of the observed steady state glucose concentra­
tions of the glucose runs with the steady state glucose concentrations 
obtained with the mixed sugar runs (see experimental data points in Fig­
ure 57) } it appeared that the maximum specific growth rates as well as 
the saturation constants for glucose were the same in both sets of ex­
periments. This becomes explicit as a result of comparison of two sets 
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able 1 6 , Data for Determinati; . i It and K for Glucose and Galactose 
Assimilar :• a by CulTu-je£ 3#oim on M u -ures of Glucose and 













1 2.8U 2,1363 0,468 322 581 312.500 
£ 2.20 I.7527 0.571 26,882 588,200 
3 2.00 1.623^ 0.616 14.728 181.818 
f 1175 1-4547 , , 8 7.819 23^310 
1.66 1.3919 0.718 6.645 13.495 
• 
• 1 A 9 1,2705 0.787 5 = 959 11.655 
1 33 1.1522 0.868 5 = 155 9^355 
CO
 l„15 1 .0146 O.986 5-483 7.937 
Note: 1, k* - 0 . 1 l 6 / h r (see foots be of facie 14). 
2. Flgu-: 'es 1- columns 5 a i 6 are calculated from data in Table 
6. 
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AVERAGE k m 
(hr" ' ) 
AVERAGE K 
( m g / l ) 
GLUCOSE + 
GALACTOSE A 05148 1.9425 65.2632 126.74 0.6117 50.6835 11.6351 82.86 
GLUCOSE A' 0.7086 1.4112 42 4733 59 9 
GLUCOSE + 
GALACTOSE 
B 15782 0.6336 0.5918 058 
1.4646 1.2268 0.683| |0.84| GLUCOSE B1 1.3737 0.7280 25611 1.72 
S U B S T R A T E , GLUCOSE ONLY 
SUBSTRATE, GLUCOSE - GALACTOSE MIXTURES 
LINES A' a B' ARE FROM FIGURE 44. 
- o - ^ b " ) 
i 
6 100 200 300 400 
l/X^ (mg/lf'xIO3 
FIGURE 56. DETERMINATION OF k m AND K FOR GLUCOSE ASSIMILATION BY CULTURES 
GROWN ON GLUCOSE-GALACTOSE MIXTURES, AND COMPARISON WITH THE PLOT 
OF FIGURE 4 4 . 
STEADY STATE GLUCOSE CONCENTRATION, X , (mg/l) 
FIGURE 57 COMPARISON OF STEADY S T A T E GLUCOSE CONCENTRATIONS AT VARIOUS SPECIFIC 
GROWTH RATES OF CONTINUOUS CULTURES FED WITH GLUCOSE AND G L U C O S E -
GALACTOSE MIXTURES. 
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of regression lines in Figure 56. Statistical tests (37l) of the hy­
pothesis that the regression line B and B' as well as A and A' (Figure 
56) were identical, led to the decision that the slopes and intercepts 
of the two lines of each pair (AA' and BB') did not differ significantly 
m 
at the five percent level of significance. The average values of k 
and K for microbial uptake of glucose by slow and fast growing dominants, 
regardless of the presence of galactose, were calculated from the pooled 
estimates of the mean intercept and slope of each pair of lines. The 
hyperbolic versions of the linearized forms of Figure 56 are presented 
HI 
in Figure 57 • The average values of k and K for glucose uptake (see 
table in Figure 56) were used to compute the mean Curves 1A and IB of 
Figure 60 where specific growth rates were plotted as functions of glu­
cose concentrations. 
Treatment of the steady state concentrations of galactose in the 
same manner as outlined for glucose resulted in the regression lines A 
and B of Figure 58 and Curve 2 of Figure 59* Regression lines A' and B' 
of Figure 58 and the specific growth rate Curve 1 of Figure 59 were de­
rived from the steady state experiments in which galactose was the only 
substrate. Visual comparison of Curves 1 and 2 of Figure 59 clearly 
showed that, at any selected detention time (or specific growth rate), 
the presence of glucose caused substantial decrease in the steady state 
concentrations of galactose. Statistically, regression lines A and B 
differed significantly from lines A' and B' (Figure 58), respectively, 
at the five percent level of significance. 
it may be well to summarize the salient aspects of the experiment 
with mixed sugars at this point. In the first place, glucose and galactose 
S U B S T R A T E , G A L A C T O S E ONLY 
S U B S T R A T E , GLUCOSE - G A L A C T O S E MIXTURE 
O I 1 | ' ' 
0 100 200 300 400 
«/X^° (mq/l)"lxl03 
FIGURE 58. DETERMINATION OF k m AND K FOR G A L A C T O S E ASSIMILATION BY CULTURES 
GROWN ON GLUCOSE - G A L A C T O S E M I X T U R E S , AND COMPARISON WITH T H E 
P L O T OF F I G U R E 4 8 . 
S U B S T R A T E : G A L A C T O S E , C U R V E I S U B S T R A T E . G L U C O S E - G A L A C T O S E M I X T U R E S , C U R V E 2 
S L O W G R O W E R S 
9° 
(.m „_m 
S L O W G R O W E R S 03869 hr'1 3.9 mg/l 0.6039 hr' 1 0.9 mg/l 
F A S T G R O W E R S 1.1284 hr"
1 J49.9 mg/l 1.7235 hr"1 1987 mg/l 
O 20 40 60 80 
STEADY STATE GALACTOSE CONCENTRATION, X, ( m g / l ) FIGURE 59. COMPARISON OF GALACTOSE ASSIMILATION BY CULTURES GROWN ON GALACTOSE AND 










STEADY STATE GLUCOSE CONCENTRATIONS IN GLUCOSE GROWN 
CULTURES. 
STEADY STATE GLUCOSE CONCENTRATIONS IN CULTURES GROWN 
ON GLUCOSE-GALACTOSE MIXTURES. 
STEADY STATE CONCENTRATIONS OF GALACTOSE IN CULTURES 
GROWN ON GLUCOSE-GALACTOSE MIXTURES. 
CURVES IA & IB ARE FOR GLUCOSE ASSIMILATION. 
CURVES 2A a 2B ARE FOR GALACTOSE ASSIMILATION IN PRESENCE OF 
0 20 40 60 80 100 
STEADY STATE CONCENTRATION OF THE INDICATED S U B S T R A T E , X , (mg/l) 
FIGURE 60. THE SPECIFIC GROWTH RATE AS FUNCTIONS OF GLUCOSE AND GALACTOSE CONCENTRA­
TIONS FOR CULTURES GROWN ON MIXTURES OF GLUCOSE AND GALACTOSE. 
r\ cc -
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were found to be concurrently assimilated at all growth rates, This 
observation is contrary to the contention of Gaudy and co-workers (211, 
212), Stumm (2l6-2l8), and others (7,38) that a Class B sugar like 
galactose is spared in the presence of glucose and assimilated only in 
the second phase of substrate utilization. However, Baictya, et al. (13*0 
Harte and Webb (135), Mateles, et al. (223)^ and Chiar and Mateles (222) 
have shown that substrates, known to exhibit diauxie in batch cultures, 
could be concurrently utilized by continuous cultures at all dilution 
rates except those at near washout rates, Hernandez (219) also observed 
concurrent utilization of glusose and galactose in batch cultures. 
Secondly, it was observed that, while galactose did not alter 
glucose uptake rates at any time, the presence of glucose definitely 
changed the kinetics of galactose assimilation very significantly. More 
importantly, galactose consumptions in the presence of glucose were sub­
stantially higher at all detention times than those possible when galac­
tose was the only substrate. This particular finding was diametrically 
opposite to what had been suggested by other investigators (211,212, 
216,218). 
Thirdly, the function, relating steady state galactose concentra­
tions (in the presence of glucose) to specific growth rates indicated 
that the apparent k m on galactose increased (see table in Figure 59) for 
both the slow and the fast growing populations prevalent at high and low 
detention times, respectively. On the other hand, the saturation con­
stant with galactose decreased for the slow growers to a value almost 
equaling the saturation constant with glucose (see table in Figure 60). 
However, for fast growers the saturation constant with galactose in the 
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presence of glucose was greater than that with galactose as sole substrate. 
Identification of the Sugar that Controlled G-rowth. An important 
question that should be answered before any other concerns the identifi­
cation of the specific substrate which determined the specific growth 
rates. It had been established from the results of the galactose runs 
that galactose alone could not sustain specific growth rates of more than 
0.3869/hr for the slow growers due to the limiting velocity of the galac­
tose permease. Therefore., if galactose had. been the growth determinant 
In the presence of glucose, the maximum specific growth rate of the slow 
growers (i.e., k m of Curve 2B Ir. Figure 60) could not have been 0 60^/hr 
as observed; since the rate determining step in galactose uptake cannot 
permit such a high growth rate for the slow growing species. From 
another viewpoint, it can be seen from Curve 1 of Figure 59 that, at a 
steady state concentration of ho mg/& of galactose, a specific growth 
rate of 0.35/hr was possible when this substrate controlled the growth 
rate as tne sole substrate. However, if the specific growth rate is ad­
justed to Oo35/hr (by suitably adjusting the dilution rate) in the reac­
tor with mixed sugar feed, then the steady state galactose concentration 
cannot rise above one mg/X as given by Curve 2 of Figure 59» Had galac­
tose been the growth limiting substrate, a specific growth rate of more 
than 0.05/hr (from Curve 1, Figure 59) could not have been possible at 
one mg/X of galactose,, Consequently, the high specific growth rate of 
0.35/hr obtainable with the mixed feed system at one mg/i- steady state 
galactose could, only be attributed to the presence of glucose, since a 
steady concentration of one mg/j£ of the latter could sustain the acove 
specific growth rate of 0.35/hr even when present as the only growth 
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limiting substrate. It appears, therefore, that, with the mixed sugar 
substrate, glucose controlled the specific growth rate. The high growth 
yield (0.9C4) with mixed glucose-galactose and the fact that it was 
nearly equal to that (0.8Ul) obtained with glucose as the sole substrate, 
provided further evidence that glucose was the growth determining sub­
strate . 
Kinetics of Galactose Uptake in the Presence of Glucose. Notwith­
standing the aforementioned role of glucose, it is not clear a priori as 
to why the steady state galactose concentrations in the presence of glu­
cose were so much lower than those predictable on the basis of the 
galactose run. For example, it had been established that, due to trans­
port limitation, the extracellular galactose concentration could not be 
depressed below 15 mg/i (as given by Curve 1 of Figure 59) at k = 0.3/hr. 
Yet, in the presence of glucose, the extracellular galactose (from Curve 
2 of Figure 59) was reduced to two mg/i. It remains to be resolved as 
to how greater quantities of galactose could be removed from the medium 
despite the physiological limitations of the galactose transport mechanism. 
Figure 60, which compares the galactose uptake rates by cultures 
grown on galactose and galactose-glucose mixtures, proved to be a useful 
means in gaining a clearer insight Into the transport capabilities of 
the cells in the galactose and the mixed sugar systems. Based on the 
assumption that the galactose uptake rate from the reactor is a direct 
function of galactose transportation rates by the permeases, it can be 
concluded from Figure 6 l that the specific galactose transport rates (in 
terms of mass of galactose transported per unit biomass per unit time) 
by the cultures fed with mixed sugars were substantially lower than the 
LEGEND 
C U R V E I A A G A L A C T O S E U P T A K E R A T E BY G A L A C T O S E 
GROWN C U L T U R E 
C U R V E 2 • • G A L A C T O S E U P T A K E R A T E BY C U L T U R E S 
BROWN ON GLUCOSE - G A L A C T O S E M I X T U R E S . 
CURVE 3 - » — « * - - S T E A D Y S T A T E G L U C O S E C O N C E N T R A T I O N IN 
T H E P R E S E N C E O F G A L A C T O S E . 
NUMBERS A B A I N S T P L O T T E D P O I N T S RE HER T O R U N NUMBERS. 
DILUTION RATE (hour" 1) 
FIGURE 61. E F F E C T OF GLUCOSE ON SPECIFIC GALACTOSE UPTAKE R A T E S . 
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rates of galactose transport by the galactose grown cultures at all dilu­
tion rates. The specific galactose transport rate by each glucose-
galactose grown cell was lower at all detention times than one half the 
maximum specific galactose transport; rate exhibited by a galactose grown 
cell. However, the high total consumptions of galactose in the presence 
of glucose resulted because the former substrate was used to satisfy the 
energy requirements of the high growth yield and culture density effected 
by the latter. The combined effect of the three factors, namely (a) use 
of galactose as the sole source of energy of maintenance, (b) high growth 
yield on glucose, and (c) high coefficient of energy of maintenance was 
to depress the steady state galactose concentrations to a level much 
below what could be effected by the galactose grown cultures having sub­
stantially lower growth yield and maintenance coefficients. The follow­
ing example serves to illustrate this point. 
Consider Run 1 with glucose-galactose mixture. 
In Run 1: 
6 =2.84 hours r 
X? = 85.8 mg/X from Table 15 
xf a = I I 9 . 9 mg/i from Table 9 
from Figure 55 
m' = 0.485 Hr"1 
ga 
Then total galactose consumption for 
= X? 9 m 
satisfying the energy oi maintenance & 
Hence steady state galactose concentration, 
x f ' = x j f - x? e r 
a 1 r ga 
3̂  -
SubsT/i'utr'g the values O I P I .ai'.e-e-s 
1,9 mg/i, 
compared tc tee ccse'veu steady £a*e :._ cceotration )f 3-1 mg/IO 
Therefore, a+ any detention fcime^ the steady state galac T.cse concentra-
t ior was a fui-Ctd t of h-e s ead^ state • ga ism •:• : -e. crat ion. 
The hype re- l ie : ,a * u re • : the : a:, v. : • des : c ic icg the relationship 
between the specific growti rate, k and c-.e steady state galactose con-
centrath. r_, Xf , ic T-be / ea . ' " red wit: mixed sugars can be explained 
by the f e l l .-wire argume-*s : At a.-y steady sta-e,. f. " which and there­
fore the concertration of each enzyme remains constait , tlae ve loc i ty of 
galac t se t ia. sp : * by galac* se permease. V f is given by 
ga 
S T T ^ E ^ (162) 
fc.cL w 
B U T , 
* n - mX°x (163) 
and X ? * ( X I - X ^ / U ; (l6h) 
also X? -- : (ku 
?nerefcre, / ' r \ k ; (165) 
a 3 
It i s to be expetted thai V and XJ; were reia-ed by a hyperbolic func-
G & 
tion of the Michaelis-Med ter type s sL» e permeation is an enzymatic reac­
t ion. Considering BFCXS and the e 1 • ship between V and k, i t appears 
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that the steady state galactose concentration and the specific growth 
rate in mixed glucose-galactose systems should also be related through 
a hyperbolic function of the type described by Curves 2A and 2B of 
Figure 60. 
in summary, with mixed sugar substrates it is the steady state 
glucose concentration, Xf, which determined the specific growth rate 
which in turn controlled the steady state galactose concentrations, 
XP , or 
ktcf 
k, = (166) 
for growth on glucose + galactose K 
°~a 
Since Xf is a hyperbolic function of k as shown by Curves 2A and 2B of 
Figure 60 
kK 
ga = __ga_ ( l 6 } 
k m -k 
ga 
where k and K' are the uptake parameters for galactose and are related ga ga — ^ 
to the corresponding constants h 1 and K , respectively of the galac-
g a mga 
tose permease reaction. Substituting Equation l66 into Equation 167 
X p = . § g a (168) 
k m K + XS(k m'-k m) 
ga g ga g ; 
Since k m and K' were not the maximum specific growth rate and the sa­ga ga 
turation constant for growth but were merely the uptake parameters for 
galactose consumption, these were replaced by g m and G, respectively; 
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g and G are, respectively, related to the maximum velocity, , and the — — ga 
Michaelis constant, K' , of the rate limiting step for galactose uptake. 
mga 
Equation 168 then reduces to 
kmGX« 
xga' = — S - - m (168A) 1 A„ + X« (gm-kh 
In Equation l68A, k m and K were the maximum specific growth rate and the 
saturation constant for the culture grown on glucose-galactose mixtures. 
The values of the constants of Equation l68A are noted in the table of 
Figure 60. 
The significant conclusion to be drawn from the discussions of 
this section is that, when glucose and galactose were made available as 
the potential sources of carbon and energy, the cells of the heterogeneous 
cultures chose the former sugar as the growth limiting carbon source while 
relegating the latter to the role of a supplementary nutrient for provid­
ing the requirements of energy of maintenance. Use of the more efficient 
growth promoter, namely glucose, as the growth limiting substrate is 
logical, for only such a selection of substrate would allow a better ex­
pression of the maKimum growth kinetic potential of the cells. 
Probable Cellular Regulatory Mechanisms for Controlling the Ki­
netics of Galactose Uptake. Inspection of Curves 2 and 3 of Figure 6 l 
showed that, in the presence of glucose, the galactose uptake rate—in­
hibited though it was--increased to a maximum corresponding to a glucose 
concentration of about six mg/j£ and then decreased as the glucose con­
centration in the reactor increased. Horecker, Thomas, and Monod (20) 
have observed a similar variation of galactose transport rates by 
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galactose permeases of E. coll with increasing concentrations of extra­
cellular glucose. The parallelism of the experimental specific galactose 
uptake rates (Curve 2, Figure 6l) with the galactose transport rates by 
galactose permeases as observed by Horecker, et al. (20) suggests that, 
in the case of the glucose and galactose grown cells, galactose uptake 
was controlled by the galactose permeases. This conclusion further sub­
stantiates the earlier contention that galactose permeation was the rate 
controlling step in galactose metabolism. 
Comparison of Curves 1 and 2 of Figure 6 l indicated that each 
glucose-galactose grown cell transported less galactose than a galactose 
grown cell and, as such, the formation of galactose permease and the 
three other galactose enzymes must have been repressed or their activi­
ties inhibited in the presence of glucose. It should be recognized that, 
for any detention time, the extracellular galactose concentration was 
lower in the presence of glucose than that in the absence of it; a lower 
external galactose concentration may have effected a lower degree of 
induction of the galactose enzymes. It has been postulated by Buttin 
(308,309) and Baidya, et al. (13^-) that, even at low extracellular con­
centrations of glucose, sufficient repressor catabolites are formed from 
glucose to repress synthesis of the galactose permease and the galactose 
enzymes. Thus, while extracellular galactose induced galactose enzymes 
commensurate with its concentration, glucose through its catabolites had 
the effect of repressing the formation of these enzymes. According to 
Magasanik (163), a steady state can. be presumably reached where induction 
and repression set the level of the galactose permease and the galactose 
enzymes„ 
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In addition to the mechanisms of controlled induction and repres­
sion, many organisms have another mechanism for controlling the activities 
of the galactose permease and the galactose enzymes« According to the 
Permease Model of Horecker, ejt al. (20) (see Figure 62), both glucose and 
galar •~ose can form complexes with the transporter substance, 1, suggested 
by Kepes (277)» Furthermore, transporter bound glucose is capable of 
undergoing an exchange reaction with the transported intracellular ga­
lactose to liberate free glucose inside the cell. From Reaction 3 of 
Figure 62, it is apparent that, as the concentration of extracellular 
glucose was increased (as by increasing the dilution rate), liberation 
of internal glucose and T-galactose was accelerated. Accelerated pro­
duction of T-galactcse would increasingly inhibit transport of extra­
cellular galactose. It is evident that the galactose permease Eg is 
inhibited by T-glucose and galactose; also, that the latter substrate 
is a product of the reaction (Reaction l) catalyzed by Eg itself. The 
inhibition of the galactose permease can thus be classified as a nega-
ive feedback inhibition. The Michaelis-Menten type of plot of Figure 
63 indicated that the inhibition of galactose permease involved lower­
ing of the maximum specific uptake rate. The saturation constant for 
galactose uptake did not increase but decreased (compare h' with K & v ^ ga ga 
in Figure 59) in the presence of glucose. These observations indicated 
uhah glucose brings about a non-competitive feedback inhibition of the 
galactose permease. The inhibition of galactose permease is of impor­
tance in controlling galactose uptake rate in organisms constitutive in 
galactose permease. 
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by each cell steadily decreased with increase in dilution rate in the 
presence of glucose, which was the reverse of what happened in the ab­
sence of glucose. This fact indicated that either the cellular content 
of the galactose enzyme or the activities thereof decreased despite 
higher extracellular concentration of the galactose (the inducer) at 
higher dilution rates. This is explained by the fact that the high 
glucose concentration at high dilution rates brought about increased in­
hibition of the constitutive galactose permease, as mentioned in the 
preceding paragraph. The resulting intracellular galactose concentra­
tion after inhibition cannot effect as much induction of the galactose 
enzymes as it would in the presence of lower concentrations of glucose, 
because the latter substrate increases the threshold intracellular con­
centration of the former which is necessary for stimulation of the ga­
lactose operon (185,272,k05)• Thus, at certain high steady state con­
centrations of glucose, the intracellular galactose concentration (which 
also depends on its extracellular concentration according to Reaction 1 
of Figure 62) may be such that it falls below the threshold concentra­
tion required for induction of the galactose enzymes. The result will 
be that no galactose can be metabolized if the ratio of galactose and 
ga 
glucose concentration falls below a certain value. Thus, when XQ is be-
low xf" a , computed from Equation 168 for a given value of xf and 9^, ga­
lactose will pass through the reactor unmetabolized. 
For strains of organisms with inducible galactose permeases, 
higher glucose concentrations mean higher concentration of repressor 
catabolites for the galactose operon. The degree of catabolite repres­
sion of the galactose enzymes increases with increasing concentration of 
3 0 8 
the repressor catabolite ( l 8 f h ) resulting from increasing the glucose 
concentration. The net effect is increasingly repressed formation of 
the galactose permease and the galactose enzymes as glucose concentra­
tion is increased. 
Figure 6h is a schematic representation of the various mechanisms 
which may be responsible for regulating the galactose enzymes and galac­
tose uptakes. Biosynthesis of the inducible galactose permease, Eg, is 
controlled by the same regulator gene, I, as for the three galactose en­
zymes E^, E^, and E^, but the regulator gene acts upon a distinct opera­
tor site, o', for initiation of permease synthesis (17*+, 2 7 3 , 3 0 8 , 3 0 9 ) . 
Some catabolite (the particular catabolite is not known) of glucose 
serves as the repressor catabolite and combines with the aporepressors 
of the CR gene to control or block transcription of the structural 
genes, z_̂ , z_̂ , ẑ , and ẑ , controlling the synthesis of the galactose 
permease and the galactose enzymes. 
The lowering of the saturation constant for galactose assimila­
tion at low extracellular concentrations of glucose merely pointed to a 
reversal of the inhibitory role of glucose. The observation that h' 
ga 
was less than may be interpreted to mean increased affinity of the 
cells for galactose and increased consumption of it at very low extra­
cellular concentrations of this substrate. The variation of K for ga­
lactose may be attributed to the variation of K for galactose permease 
observed in Ej_ coli by Rotman and Radojkovic (27*+) • Some authors also 
believe that increased transport of galactose at low galactose concen­
tration may be due to the fact that other permease systems, including 
glucose permeases, may also mediate galactose transport (l4,2^,4o6). 
309 
r 
CONTROL OF SYNTHESIS 
OF GALACTOSE PERMEASE CONTROL OF SYNTHESIS OF GALACTOSE ENZYMES 
1 C B 1111 l ° l i , *• z 2 z 3 1 J. i i W \ 1 , v V w W W f ' 
0 / 1 
G A L ^ T-GAL = * - G A L .*=w GAL 




-^..^ * „ O " \ CATABOLITE REPRESSION 
FRUC-6-P - r 
.AT' 
LEGEND: 
t W I APOREPRESSOR 
CR - REPRESSOR GENE (AFTER LOOMIS a 
MAGASANIK (185)) 
GLU e - EXTRACELLULAR GLUCOSE 
GAL - EXTRACELLULAR GALACTOSE 
GAL^ - INTRACELLULAR GALACTOSE 
GLUj - INTRACELLULAR GLUCOSE 
E E ft E - GALACTOSE ENZYMES (SEE FIGURE 4) 
I 2 3 
E ^ - GALACTOSE PERMEASE 
|C R1 I ' J " '° I > P I H GENES CONTROLLING ENZYME SYNTHESIS (SEE FIGURE 5 
FOR DETAILED EXPLANATION) 
INDUCTION (POSITIVE FEEDBACK) 
^ * * C PREVENTION OF INDUCTION AND SYNTHESIS OF ENZYMES 
/ W \ mRNA TAKING PART IN APOENZYME SYNTHESIS 
** FEEDBACK INHIBITION 
* NON-COMPETITIVE INHIBITION 
FIGURE 64. SCHEMATIC REPRESENTATION OF CELLULAR MECHANISMS 
DEEMED RESPONSIBLE FOR REGULATION OF GALACTOSE 
UPTAKE IN T H E PRESENCE OF GLUCOSE. 
310 
Galactose intake through multiple permease systems would be tantamount 
bo a lowering of the saturation constant for galactose„ whatever the 
cause of tne stimulated galactose utilization at lower concentrations 
of glucose, it appears that the lower K' --which was almost equal to K 
g a g 
(see fable in Figure 60)~- aided the organisms in sustaining the higher 
.- • wo- nates allowable by the prevailing glucose concentration. 
Dehydrogenase Activities in Cultures Grown on Mixtures of Glucose 
and Galactose. In an earlier section it was reported that dehydrogenase 
activities of cultures fed with mixed glucose-galactose were substan­
tially lower than those of the glucose or the galactose grown cultures. 
Lines 1 and 3 of Figure 65 represent the correlations between the active 
solids concentrations (noTed in Table 15) and the dehydrogenase activi-
-" t c measured, respectively, a", ligst paths of one and ten centimeters, 
ot the reactor cultures in the mixed, substrate systems. Comparisons of 
. rrelation Lines 1 and. 3 with tie calibration Lines 2 and k, respec­
tively, established with single substrates (see Figures 29 and 30), in­
ch rued that cells grown on mixed sugars appealed F_. have less than one 
half the dehydrogenase activities of those grown on single sugars. It 
should also be noted +hat the cultures fed with mixed sugars metabolized 
more subsi rate per unit biomass compared to those grown on single sugars 
For example, It can be calculated from the growth constants that, at a 
specific growth rate of 0o62/hr, cells grown on glucose, galactose, and 
•,_.r. mixtures of the two metabolized 1,87, 1.80, and 2,08 milligrams of 
the respective substrates per' milligram of biomass. If the quantity of 
substrate processed per w ii biomass determines the quantity of dehydro­
genase present, then glucose grown cells should exhibit slightly higher 
L E G E N D : 
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FIGURE 65. COMPARISON OF DEHYDROGENASE ACTIV IT IES OF BIOMASS GROWN ON SINGLE 
AND MIXED SUGARS. 
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dehydrogenase activity, However, if one considers tnat galactose utili­
zation involves an additional dehydrogenase bound to the UDP-epimerase 
(see Figure K), then, one might expect the dehydrogenase activities of 
rne glucose and the galactose grown cells to be nearly equal, which is 
what was concluded from cue calibration lines of Figure 2Q, 
However, it is difficult to explain why unit biomass grown on 
•re mixed sugars contained apparently less than one half of the dehydro­
genase concentration presero. in cells grown or. single sugars and yet 
metabolized more subs+ 'are. It may be postulated that the metabolic 
routes used for the metabolism of mixed sugars involved lesser numbers 
of dehydrogenases. In view of the known pathways of glucose and galac-
:ose metabolism (see Figure K ) ? it is difficult to accept such a hypo­
thesis- It appears probable, however, that the organisms manage to 
metabolize more subs+RAZ e with smaller- quantities of dehydrogenases by 
increasing the turnover rates of these enzymes several fold. Such a 
scheme of operation would be preferable as this leads to the conserva­
tion of the carbon and energy sources needed, if increased concentrations 
of dehydrogenases were to be maintained,, The conserved substrates could 
conceivably be used for synthesis of the galactose permease and the ga­
la- tose enzymes. Whatever may be a realistic explanation for the smaller 
concentrations of dehydrogenases in glucose-galactose grown cultures, 
+.nere seemed to be little doubt about the decreased dehydrogenase ac­
tivities per unit quantity of biomass for such a heterogeneous culture. 
An important conclusion related to practical application of the dehydro­
genase test is tnat any correlation established between dehydrogenase 
activity and biomass concentration on a particular substrate cannot be 
3 1 3 
used for another substrate system. 
Dynamics of Heterogeneous Microbial Populations in Continuous Culture 
The results of the continuous culture experiments with glucose, 
galactose, and glucose-galactose mixtures indicated that the hetero­
geneous populations at the low and high detention times were very differ-
ent from each other in terms of their growth kinetic properties. The 
occurrence of microbial populations of varying growth kinetic properties 
at different detention times is attributable to the environmental changes 
imposed by variation of the dilution rates. Generally, for both sugars 
the dominant species at detention times higher than three hours were 
characterized by lower maximum specific growth rates, k m, and saturation 
constants, K. Any species with high k^ and K (hereafter referred to as 
the fast growers) was at a disadvantage since the dominant species at 
high detention times (referred to as the slow growers) could grow more 
efficiently at the low substrate concentrations associated with the 
higher detention times. However, as the detention time was decreased 
(i.e., as the dilution rate was increased), the slow growers gradually 
lost their growth efficiency as substrate concentration increased. The 
population density of the slow growers gradually diminished relative to 
those of the fast growers. Also, each stepped increase in the dilution 
rate effected the gradual elimination by washout of those slow growers 
whose maximum specific growth rates were exceeded by the increased dilu­
tion rate. It is not difficult to envision, therefore, that the fast 
growers, which might have been present in very small cell concentrations 
* m The maximum specific growth rate constant, k , and saturation 
constant, K, are referred to as the growth kinetic properties of a mi­
crobial population. 
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at the high detention times, became increasingly dominant with the in­
crease in dilution races- Apparently the slow growing species lost 
their dominance almost completely to the fast growers when the substrate 
concentration reached a critically high level (approximately 60 ppm for 
glucose and 70 ppm for galactose), This conclusion, is in agreement with 
that made in Chapter IV from purely theoretical considerations. 
The phenomenon described herein can be best illustrated with re­
ference tc the actual data. For example, if the glucose reactor were 
operated at 9^ = 2.6 hrs (see Figure -̂5)? all species capable of achiev­
ing a mean generation time, f, of 1..H hours (and k - 0.5/hr) survived. 
However^ all species are not endowed with similar growth capabilities, 
Noviek (7^-) and hovick and Aaron (73) pointed out that every species 
exhibits a minimum limit of generation time or a maximum limit for km. 
The data from the glucose runs indicated that the two groups of species 
with the following limits of generation time and maximum specific growth 
rate were present: 
.'Population A$ slow growers: 
T . = 0.95 hr, k m = 0.73/hr, and. K = 1.72 mg/i 
Population B, fast growers: 
T . = O.U9 hr, k m = L.KL/HX, and K = 59«9 mg/i 
It may be noted that the larger k^ was associated with the larger K, and 
m 
the lower k was associated with the lower Rh These observations were 
consistent with the conclusion made by Jarmasch (225,226,239) that usually 
a species capable of growing at high specific growth rate exhibits poorer 
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affinity (i.e., a high K value) towards the substrate at low concentra­
tions . 
Returning now to reactor operation at = 2.6 hrs, and also con­
sidering the specific growth rate functions (see Figure k^) defined by 
the growth rate constants of slow and fast growers, it becomes apparent 
that the slow growers tend to lower reactor glucose concentration to 
four mg/j&. The fast growers who are inefficient at this detention time 
can only lower the glucose concentration to 3 3 mg/i. Obviously, Popula­
tion A (slow growers) predominated at the detention time of 2.6 hours by 
virtue of the fact that their glucose consumption and growth yield were 
at least eight times as much as could be effected by Population B (fast 
growers). The inefficiency of the fast grcxrers at the detention time 
of 2.6 hours was largely due to the larger saturation constant of the 
member species. Population B may have survived only at very low popula-
tion densities because of the adverse selection pressure determined 
largely by the difference in the values of the saturation constants (K -Kh). 
In a chemostat type reac M r there are two important factors which 
determine the survival and the population density of a species relative 
to those of the other species„ If a reactor Is operated at dilution rate, 
D,. such that (h-kj) for species j becomes positive, then it is obvious 
that species j would be washed out. The higher the value of the intensive 
parameter (D-ko1), the quicker will be the washout of species J. The pa­
rameter (D-k1^), the value of which determines whether species j will be 
selected against or for survival at dilution rate, D, may be termed as the 
selection pressure on species j. 
A species A with lower saturation constant, K, consumes more sub­
strate thereby yielding higher population density, especially at the 
lower dilution rates. Species B with a higher K do not have this advan­
tage and may survive only at comparatively lower densities. Species B 
cannot attain as high a cell density as that of Species A because of the 
difference between the saturation constants (K^-K^), which is also an in­
tensive parameter. The selection pressure on Species B is (K^-Kh^), be­
cause as the value is increased the cell density of this species relative 
to that of Species A would decrease, i.e., Species B would be increasingly 
selected against. 
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If reactor operation at ® r = 1«28 hours with glucose is considered 
(see figure 45), if is evident that Population A could not have survived 
as the member species would not be capable of adjusting to a generation 
time of 0.77 hour (or a k m of 0.9/hr) which is much below the minimum 
generation time, of 0.95 hour, of these species. Consequently, only 
the constituent species of Population B survived at this detention time, 
while those of Population A were washed out. The effective selection 
pressure against Population A was therefore the difference between the 
dilution rate employed and the maximum specific growth rate of this popu­
lation. 
The essence of the preceding discussion Is that the species com­
position of mixed continuous cultures does not remain the same at all 
dilution rates. Heterogeneous microbial populations in chemostat type 
reactors are subjected to selection pressures. The species achieving 
the fastest growth rate and higher population density under a given set 
of environmental conditions approaches a steady state, while the compet­
ing species are gradually displaced (237,407). For any species there is 
a Critical dilution rate at which the species will be completely washed 
out. While lower dilution rates may allow the existence of many species, 
only fewer fast growing species can survive at higher dilution rates, 
h eoretical considerations as well as the varying nature of the growth 
kinetic constants led to the conclusion that the physiologic capability 
and the species composition of the culture were a dynamic function of 
the detention time. Although no taxonomic studies of the cultures were 
undertaken, a number of references in support of the phenomenon of se­
lection in chemostat type reactors exist (58,61,74,76,77,88,222,225,226, 
240,252,253,267,268). Jannasch (226), CoHard and Gossling (268), Chain 
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and Mateles (222), Mateles (22*0, and Dias and Bhat (266) reported that, 
in mixed continuous cultures, E. coli, S. faecalis, Bacteroides, S. albi­
cans, S^ albus, Achromobacter, etc. dominated at higher detention times 
whereas species belonging to the genus Pseudomonas were dominant at low 
detention times. The selective property of the dilution rates in chemo­
stat type reactors has been used by pure culturists (238,252) as well as 
sanitary engineers (96,99) to either isolate various bacterial strains 
or for the proliferation of desired dominants (such as acid or methane 
formers (96) or nitrifiers (99)), to effect the required biochemical 
conversions. 
Appreciation of the phenomenon of population dynamics serves to 
illuminate some of the operational peculiarities of continuous cultures 
not completely understood at the present time. It has been recognized 
by many that oscillatory steady states are inevitable with mixed cul­
tures (222,253^398,^+01). Some investigators have doubted the attain­
ability of steady states with mixed cultures due to their very unstable 
nature, whereas others have suggested mathematical means for optimizing 
the use of the oscillatory data (U00,U0l). However, in light of the 
preceding discussion on variability of steady states, stability of 
steady states can be considered a direct function of dilution rate and 
an inverse function of the heterogeneity of the culture. It may be 
pointed out in this context that the existence of steady states, like 
beauty, is in the eyes of the beholder. However, fluctuations of steady 
state concentrations may be expected to be more at lower dilution rates 
because of the increased degree of heterogeneity. If slime growth and 
variability of flow rates are not controlled at this range of dilution 
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rate, then it may become impossible to attain steady states under these 
conditions. 
As far as if e<old be determined from the literature, it has been 
the usual practice to characterize all ore populations at different ex­
perimental detention times by single values of k m and RL This technique 
is tantamount to as sue. . . that the species composition of the culture 
does not change with change .„f dilution rate. Curves marked 1 in Figures 
45 and 49 were obtained by this procedure. The fact that these curves 
afforded poor fits to the duea has already been stressed. A number of 
investigators have fitted the continuous culture data in xhe above manner 
and have variously attributed the poor fit to ''imperfect" mix, inadequacy 
cf the Monod growth rate function, or to some unknown factors (58,59,60). 
Slime growths and imperfect mixing could not have caused the poor fit of 
data to Curve 1 of Figures and as trie slime formation was controlled 
to insignificant levels, and the data of Figure 36 testify to the attain­
ment >f .omplete • r "perfect'' mix. If is u-tended that poor fits of data 
by "average" k^ and K resulted hot because of the inadequacy of the Mo-
cud Equation but because the "average" constants characterized neither 
the slow growers nor the fas4: growers• Based on the preceding data ana 
associated discussions, it is apparent that the use of multiple curves, 
as in Figures -̂5 and. 9̂> is a more realistic approach to analysing the 
kine11 c eharaeteristi ?.s 0 f cultares. 
Based on the "average* growth rate curves (Curve l) of Figures 
^5 and kty, complete washout or' all organisms is predicted at detention 
times below 1.^- ant 2.3 hears for the glucose and the galactose cultures, 
respectively. However, nc washouts were obtained at several detention 
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times below the critical values mentioned above. Such failure to achieve 
washouts had also been reported and unexplained by various investigators 
(6U,65, 58,13^.? 135) • This phenomenon of no washout can be explained in 
light of the dynamics of population composition in continuous reactors. 
As the maximum specific growth rate of the dominants at low detention 
times far exceeded the k m of the "average" Curve 1 (see tables in Figures 
4 5 and kQ), no washout could be legitimately anticipated. 
The growth kinetic characteristics of the slow and the fast growers 
are summarized in Table 17 for the two sugar substrates. The critical 
dilution rate at which the slow growers ceased to be the dominant popula­
tion can be determined from Equation 122 of Chapter IV. Thus, the theo­
retical detention times at which the population change overs (i.e., from 
Population A to Population B) are presumed to have taken place were 1.70 
and 2.Qk hours, respectively, for glucose and galactose substrates. The 
corresponding critical substrate concentrations, as given by Equation 12k 
of Chapter IV, were 60.3 mg/i of glucose and 72.3 mg/i of galactose. 
The critical detention time and the substrate concentrations are also 
noted in Table 17 . 
Although rigorous taxonomic studies for identification of species 
were outside the scope of this investigation, it was decided to examine 
and record if there occurred any obvious changes in. the overall gross 
properties of cultures growing at high and low detention times. Some 
standard methods of bacteriological examinations (327), as noted in 
Table l8 , were chosen for this purpose. Pigment-forming properties of 
the culture, used by Cassell, et al. (270) for detecting changes in po­
pulation composition, were studied by determining the absorption peaks 
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Table 17, Comparison of Growth Kinetic Constants of Dominant Microbial 
Populations al High ard Low Detention Times 
Substrate Kinetic Constants of Dominant Critical Points of Population 
Populations Change Over 
Populatioi A Population B Dilution Detention Substrate 
slew growers fast growers Fate lime Cone, 
kA KA kB KB C 6r 
(rr_i ; (mg/X» (•hr"1; (mg/jO (nr"'1) (hr) (mg/i) 
Glucose 0.728C 1*72 I.U112 59.9 C.588 1,70 60.3 
Galactose 0.3869 3-9 1.128^ IU9.9 0.3̂ +0 2.9K 72.3 
of the alec hoi extracts prepared rem a reactor sample drawn, at several 
test detention times, From Table 18 it is apparent, that the dominant 
culture which thrived on galactose at detention times of six and two 
hours exhibited distinctly different Cram staining and pigment forming 
properties. The colif rm court was high at high detent ion time, an ob­
servation which was in agreement with that of Chian and Mateles (222) and 
Dias and Bhat (266). Protozoan coneentratior was zero or very small at 
lew defertion times probably because the low bacterial concentration could 
not support a predator popula'r n in any significant number. 
The cultures grown on glucose at detention times of four and 1.75 
hours did not exhibit as much difference in pigment forming properties 
and protozoan population as 1 bserved with the galactose cultures, al­
though the Gram staining properties and coliform count were considerably 
dissimilar. However, as shown it. Table 17, cultures at four and 1.75 
h- urs detention time s.oruli have some similarities since both detention 
^unes are higher than the critical detention time (1.70 hours) of pro-
Table l8 . Some Properties of the Dominant Cultures A and B at High and how 
Detention Times of Continuous Flow Reactor 
Substrate Appearance of Colonies 
on Glucose Agar Plate 









(0 - k hrs) r 
1. Pre dominantly 
tiny opaque 
colonies 
2 . Some large 
opaque 
colonies 
Free swimming 1. Predominantly 
protozoa short (k \i) 
gram negative 
rods 
2. Some gram 
positive 
short rods 




8 X 10£ 
Glucose 











long (8 |i) and 
slender gram 
positive rods 




2 x i c r 300 
3- Some gram nega­
tive cocci 
Table 18. Some Properties of the Dominant Cultures A and B at High and Low 
Detention Times of Continuous flow Reaet<r (Concluded) 
Substrate Appearance of Colonies 
of Glucose Agar Plate 
Galactose 
(9. = 6 hrs) 
Predators Cram Stain 
Tiny white opaque 
colonies 
Free swimming 1. Short gram nega-












($ = 2 hrs) 




1 . Predomi nantly 
gram positive 
rods 
2. Some gram 
positive cocci 
3- Some gram nega= 
tive rods 
29^ 
membrane filter 'technique 
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nounced population change over. A general conclusion which can be made 
from Table l8 is that, for both substrates, the population at high de­
tention times contained higher concentrations of Gram negative rods, 
coliform bacteria, and predators. In this respect, the data were in 
good agreement with those of Chian and Mateles (222) and Dias and Bhat 
(266). 
The foregoing discussion was in reference to two distinctly dif­
ferent and easily identifiable populations (namely, Population A and 
Population B). However, it was not implied to mean, that the species 
diversity and the relative population density of different species re­
mained identical at all detention times above and below the "critical 
point of population change over" (see Table 17) which heralded an abrupt 
change in the population composition. Theoretically, any change in de­
tention time is necessarily associated with a change in the relative 
population densities of the different species and species diversity. 
However, in some ranges of detention times, the changes of population 
composition may not be reflected as significant changes in the growth 
kinetic capabilities of the total population. The "critical points of 
population change over" of Table If should be regarded as describing 
one of the transitional environments separating the environments for the 
slow and the fast growers. In the system studied, a very marked change 
of microbial flora occurred at glucose and galactose concentrations of 
60 mg/ I and 72 mg/i} respectively, 
Shifts in population composition were also evident in the con­
tinuous culture runs with glucose-galactose mixtures. It is interesting 
to note from Figure 57 that the steady state glucose concentration which 
32^ 
separated the predominance of slow and fast growers was the same for 
glucose and glucose-galactose grown cultures. 
Pole of Environmental Factors in Determining the Kinetics of Uptake of 
Int.eract mg Subs t rai.es 
Despite fche reduced uptake of galactose by each c e l l in the p r e ­
s s - o i glu'- se due to feeaback type inhibit ion of the galactose per­
mease, glucose could not prevent ce l lu lar intake of galactose. Both 
sugars were concurrently u t i l i z ed . Concurrent u t i l i z a t i o n of diauxie 
substrates in continuous flow reactors has also been observed by others 
(13^-, 135^2229223) • The results of this research were also in agreement 
with those cf Hernandez (219) who observed concurrent u t i l i z a t i o n of 
glucose and galactose in batch cultures. Concurrent assimilation of 
diauxi , substrates (glucose and sorbitol) were also observed by Gaudy, 
et a l , (213)« There are, however, several other reports in which glucose 
was reported tc have, almost completely, suppressed the u t i l i z a t i on of 
secondary substrates l ike galactose, thus giving r i se to sequential up­
take of substrates (2l6-2l8^211-2lif)» Kb explanation has been presented 
by the researchers concerned to account for the contradictory resu l t s . 
As w i l l be revealed shortly, several environmental factors play 
important roles in determining whether the uptake of the two interacting 
substrates should be < recurrent or phasic. It should be reemphasized 
that the choice between + re twt m :es of uptake of interacting substrates 
sh< uld be such that I t w i l l enable T h e microorganisms to grow at the 
maximum possible rate and with the maximum possible y ie ld of biomass, 
In the following discussions, a few important b io log ica l systems are 
Subjected to theoret ica l analyses in terms of the possible nature of the 
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kinetics of substrate uptake. Glucose and galactose were selected as 
the interacting substrates- The objective was the development of a 
generalized hypothesis which is capable of accounting for the various 
contradictory results on assimilation of interacting substrates. 
Interacting Substrates in Batch Reactors. Since there is no op­
portunity for population change overs with the progressive change of 
growth rate during batch utilization of substrates, complex growth curves, 
such as those of Figures , kQ, and 60, are not needed to describe the 
specific growth rates of batch cultures» The specific growth rates at 
all times will be defined by a single k^ and a single K, since the 
physiological character of the microbial population remains unaltered 
in batch. 
Figure 66 shows the theoretical curves for batch utilization of 
glucose and galactose by a slow-growing heterogeneous population, simi­
lar to Type A of Figures ^5, hQ, and 60 and characterized by low k™ and 
K when the initial concentrations of the two substrates bear a ratio of 
1:1. Curves IB and 2B of Figure 60 describe the specific growth rates 
of this microbial population as functions of concentrations of glucose 
and galactose, respectively. It is apparent from these specific growth 
rate curves, shown in the inset of Figure 66, that an initial glucose 
concentration of 200 mg/i can effect a growth rate of 0.68/hr compared to 
0.6o/hr for an initial galactose concentration of 200 mg/i* Clearly, 
the organisms would find it profitable to grow on glucose alone, since 
this substrate allows a higher growth rate of O-68/hr which is almost 
equal to the maximum of 0.683/hr. Glucose should be used exclusively 
until a growth rate of 0.6o/h.r is reached, at which point galactose 
BATCH SYSTEM I! LOW k m , LOW K AND X ^ Q / X ? , = I 
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FIGURE 66. T H E O R E T I C A L CURVES OF S E Q U E N T I A L UT IL IZAT ION OF GLUCOSE AND G A L A C ­
TOSE BY BATCH C U L T U R E S OF SLOW GROWERS C H A R A C T E R I Z E D BY LOW MAXI 
MUM SPECIFIC GROWTH RATE AND LOW SATURATION CONSTANT. 
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assimilation may be initiated, Exclusive utilization of glucose (Curve 
1, Figure 66) for growth and energy of maintenance is described by Equa­
tion 169, the derivation of which is to be found in Appendix XV. 




k = —I ( 5 2 ) 
K+X„ 
s 
where X„ = substrate (glucose or galactose) concentration at any time, 
X 0 - initial substrate concentration in batch 
XQ = initial organism concentration in batch. 
Galactose uptake is prevented during exclusive utilization of glucose 
presumably because the galactose premeases would be inhibited by a feed­
back mechanism discussed earlier, or repressed by glucose catabolites, 
depending on whether the permeases are constitutive or inducible in 
nature. In the absence of any galactose transport, there cannot be any 
intracellular galactose to stimulate the galactose operon for synthesis 
of the three galactose enzymes. The glucose concentration and the zero 
time for galactose assimilation (corresponding to k = 0.6o/hr) were com­
puted from Equations 52 and 169 to be 6.2 mg/i and 3«7 hours, respec­
tively. From 9 = 3 - 7 hours, glucose and galactose should be concurrently 
assimilated. The concentrations of these two sugars at different points 
in time during concurrent utilization given by Equations 170 and 171; 
provided, of course, that glucose accounts for the cell yield and that 
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galactose accounts : r the ene.tyy . f maintenance 
i a x i * i g / ° 1 H g m ' s ; * i ( i 7 o ) 
9 L A K v y J J L K - Kg'u' J 
a ga 9 
k ™ K txf(fc f f l - k B 
tTS, g 6 g a g 
A - x g ( A k m ) 
(171) 
(171A) 
Derivation of Equati- •. 1 7 0 is presented in Appendix XV- Equation 171 
i s similar in form t» Equations 168 and 168A, I t is apparent from Curve 
1 or F i g u r e 66 that g\h se w i l l be exhausted a very short time after 
the use4' i f galact< se assimilation. Therefore, the second phase is 
characterized by exclusive ut_l.i.2 a^ion of galactose as shown by Curve 5 
in Figure 66. Exclusive u t i l i z a t i •:. c f galactose was computed by using 
Equation 169. It may te p. infect o_t tha- exclusive use of the two corn-
pet i g substrates in "w separate phases would result- in diauxie- The 
re la t ive c nfiguraf f. us of the speuiric growth rate curves of this batch 
/• 
system, as del iced by the constants k , K and k x , % > are such that 
g g-' €a g& 
diphasic sub si-..-at e u t i l i z a t i ! . is almost inevitable excepting at very 
tow concentrations of the substrates. The batch system used by Stumm-
Zolliriger (2l6~2l8j and audy a d nis cc-worke-s (211-214) was very 
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similar to the theoretical system considered herein; as would be expected 
in light of the above analysis, the courses of sequential utilization of 
substrates observed by these investigators were very similar to those of 
Figure 66. Thus, sequential utilization of interacting substrates and 
diauxie are peculiar to a batch culture system employing substrates which 
are dissimilar in terms of the maximum specific growth rates, but simi­
lar in that they have very low values of the saturation constants. 
The second batch system considered is one in which fast growing 
dominants (similar to population Type B), characterized by higher values 
m 
of k and K, assimilate glucose and galactose fed at initial concentra­
tions of 200 mg/j£. In this system, glucose is utilized exclusively 
until its concentration is depleted to 93 mg/ I at which point both sugars 
can effect the same specific growth rate, and as such galactose assimi­
lation can be initiated. It should be noted that the time lag for initia­
tion of galactose utilization is much shorter than that of the first 
batch system with slow growers. The uptake patterns of glucose and 
galactose and the appropriate equations that describe the courses of 
utilization are presented in Figure 6f« The solid curves represent the 
theoretical course of utilization of the interacting substrates. Exclu­
sive utilization of glucose described by Curve 1 (Figure 67) is given by 
Equation 172 applicable to cultures of high saturation constants (see 
Appendix XV for derivation). 
Y r s K[m (km+mY)} fmYK+(k%riY)xL -. 
X°0(km+mY) L(X°°-V + (km+mY) l n W ( A m Y ) X ^ - J { ^ 
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FIGURE 67. T H E O R E T I C A L CURVES OF S E Q U E N T I A L UT IL IZATION OF GLUCOSE - AND GALACTOSE 
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331 
uptake patterns of galactose and glucose as sole substrates and in the 
absence of interaction; these curves are presented to depict the impact 
of substrate interaction on batch kinetics. Comparisons of Curve 2 
with 5 a^d Curve 3 with k reveal that the presence of galactose may 
somewhat retard glucose uptake., but glucose substantially enhances the 
rate of galactose utilization. It may be recalled that similar conclu­
sions concerning the stimulatory effect of glucose were reached earlier 
during discussion of data on uptake of glucose-galactose mixtures by 
continuous cultures. 
Figure 68 illustrates the theoretical uptake curves of glucose 
and galactose In still another batch system, also employing fast growers 
like those used in the system of Figure 67. It differs only in that 
the ratio of initial concentrations of galactose and glucose, X^/xf, is 
considerably higher than unity. At the initial concentrations selected 
for analysis, namely, X Q 8 , = 200 mg/Jl and xf = 90 mg/^, both glucose and 
galactose can support about the same specific growth rate and would, 
therefore, be assimilated concurrently from the time of inoculation of 
the batch. Concurrent utilization of glucose and galactose in batch has 
been reported by Hernandez (219) using a XQ /XQ ratio of 1-73 compared 
to 2.22 used for the theoretical curves of Figure 68. Concurrent assimi­
lation of glucose and sorbitol in batch cultures were also observed by 
Oaudy, et al. (213)• Usually glucose and sorbitol give rise to diauxie, 
but serial subculturing for about 21 days provided a culture (referred 
to as "old" cells by Gaudy, et al.) which did effect simultaneous uptake 
of these substrates. It Is interesting to note that the seed, which ef­
fected simultaneous uptake of glucose and galactose in the investiga-
TIME , 9 (hours) 
FIGURE 68. THEORETICAL CURVES OF CONCURRENT UTILIZATION OF GLUCOSE AND GALACTOSE 
BY A BATCH CULTURE OF FAST GROWERS CHARACTERIZED BY HIGH MAXIMUM SPECIFIC 
GROWTH RATE AND HIGH SATURATION CONSTANT. 
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tions of Hernandez (219), "was also obtained after a series of subcultur-
ing of a heterogeneous seed. Inasmuch as the biokinetic properties of 
the dominants used by Hernandez (219) and Gaudy, et al. (213) ih batch 
studies were not given by these authors, it is possible that serial sub-
culturing resulted in a culture of fast growers which could cause con­
current uptake of the interacting substrates, as shown for Batch System 
3 of Figure 68. 
The preceding discussion emphasizes that substrate interaction 
and the extent thereof are functions of the biochemical properties of 
the organism-substrate system as well as the relative concert rations of 
the interacting substrates. Exclusive utilization of interacting sub­
strates in separate phases, intervened by a negligibly short period of 
concurrent utilization, is the characteristic of a batch (or plug flow) 
culture with very low K and low k̂ , such as that of Figure 66. For a 
batch culture characterized, by high K and high k m, the interaction is 
not severe because the period of exclusive utilization of the preferred 
substrate is shortened considerably compared to the system with low K 
and km. Finally, with a high ratio of initial concentrations of the 
less preferred and the preferred substrate and a culture having high K 
and k̂ , it is possible to completely avoid sequential utilization. 
It Is to be noted that the theoretical batch assimilation curves 
of Figures 66, 67, and 68 were developed for the batch growth of a seed 
population of slow or fast growers. If the starter population in batch 
reactors contains a mixture of slow and fast growers, then the courses 
of assimilation of the competing substrates would depend on the relative 
concentrations of the slow and fast growers at the time of initiation 
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of the batch culture. The differential equations for the substrate 
utilization curves then become complicated necessitating predictions of 
performance by computer analysis. 
Interacting Substrates in Continuous Flow Reactors. In continuous 
flow systems of this research, the sequential type of utilization was not 
m 
possible since the slow growers with low K and k_, which make such a 
pattern of uptake possible, cannot be maintained at higher dilution 
rates. With increased dilution rates, the reactor population becomes 
m 
increasingly dominated by fast growers having high K and k ; the con­
tinuous culture system thus approaches the Batch System 3 of Figure 68. 
Consequently, simultaneous uptake of glucose and galactose should be 
effected as was actually observed. 
In. the continuous culture experiments of this research, the ratio 
of the concentrations of influent galactose and glucose was maintained 
between 1.05 to 1.23- Since lower ratios o f xfa/xf tend t o favor se­
quential assimilation of glucose and galactose notwithstanding the pre-
m 
sence of fast growers with high K and k , it is quite probable that ga­
lactose assimilation may be avoided In continuous flow reactors if the 
aforementioned ratios of influent concentrations fall below 1.00. This 
postulate remains to be experimentally verified. However, Equation 168 
may be used to specify conditions under which glucose would prevent 
galactose utilization in continuous flow reactors. For instance, if the 
galactose concentration, XQ } is lower than the XQ predicted from Equa­
tion 168 and a given reactor glucose concentration of xf, no galactose 
uptake can be effected. Thus, in Run 7 with a glucose-galactose mixture, 
xf a nearly equaled xf (see Table 9 ) ; galactose transport was almost 
335 
completely inhibited by glucose. 
The discussion of this section was included to reconcile the 
apparent contradictions between the results of several investigators of 
substrate interactions. The observation of sequential as well as the 
concurrent uptake of interacting substrates in batch processes and simul­
taneous utilization of these substrates in continuous flow processes are 
consistent with the following hypothesis that the pattern of substrate 
removal (sequential versus concurrent) and the kinetics thereof are de­
termined by: (a) the biokinetic properties of the organism-substrate 
system employed, (b) the ratio of concentration of the interacting sub­
strates in the feed solution, and (c) the fluid dynamics of the culture 
system. The first factor is related to physiology and biochemistry of 
the system, while the second and the third factors are chemical and 
physical in nature, respectively. 
Sanitary Engineering Significance 
Continuous Processes. The results of the research were sugges­
tive of the fact that, in continuous aerobic processes, the growth ki­
netic properties of the microbial populations undergo continual change 
in response to the changes in detention time. Sufficient theoretical 
and experimental evidence indicated that variation of the biokinetic 
capabilities was a manifestation of the changes in the physiological 
capabilities and species composition of the reactor populations. At 
high flow-through rates, fewer species characterized by high maximum 
specific growth rates and saturation constants prevailed. In high rate 
aerobic processes, one may therefore anticipate the predominance of 
fewer species especially suited to grow in a very hydraulically selective 
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environment. If substrates in which the fast growing dominants grow 
poorly or not at all are introduced, then the process might perform 
poorly. Whether organism recycle will alleviate the problem remains a 
moot question and is a subject of further investigation. Conventional 
processes operated at higher detention times maintain a far more hetero­
geneous population and any sudden increase in the concentration of any 
incoming organic substrate can be attacked by a species which hereto­
fore were present in relatively smaller cell concentrations. There­
fore, a high rate process is suitable where the composition of the in­
coming waste remains uniform in time, whereas a conventional (low-rate) 
process is suitable for waste whose chemical composition changes with 
time. It appears that a low rate process can absorb shock loading 
better than the high rate process. 
As detention time is increased, the physical and environmental 
conditions in a continuous reactor approach those of a batch reactor. 
The batch growth constants therefore may approximate the constants de­
termined with continuous reactors operated at very high detention times. 
However, the inherent environmental characteristics of a batch reactor 
preclude the possibility of selection of the fast growing species and 
the use of batch constants for design of a high rate process would re­
sult in high detention times. The fast growing species, which make the 
high rate process functional, cannot be sustained in high enough mass 
concentrations at any detention time so designed. This would result in 
an operational efficiency lower than the design efficiency. Conse­
quently, batch data should be used with caution and judgment for design 
of high rate processes. 
3 3 7 
This research has also shown that substrates known to yield 
diauxie in batch can be biodegraded concurrently at all detention times 
provided a high enough ratio is maintained between the concentrations of 
the less preferred and the preferred substrates. The results serve to 
demonstrate that the less preferred substrate does not necessarily have 
to go iinassimitated in a reactor, as had been suggested by some investi­
gators ( 2 1 6 - 2 1 8 , 2 1 1 - 2 1 4 , 2 2 0 ). However, it was also shown that, if the 
influent concentration of the less preferred substrate falls below the 
value determined by an equation such as Equation 1 6 8 A , then it would 
pass through the reactor undegraded; the required degree of removal of 
this substrate can be effected, however, by lowering the hydraulic 
loading or treating this substrate component in a separate tank. The 
results also revealed that, in mixed substrates, one substrate may sa­
tisfy the carbon requirement while another may fulfill the energy needs. 
Sequential assimilation of interacting substrates is preferred in heter­
ogeneous batch cultures as the hydraulics of the system are not conducive 
to population shifts, hong holding times would be needed to ensure re­
moval of both substrates. The same conclusions apply for plug flow 
reactors in which a long detention time would be necessary to prevent 
leakage of the less preferred substrate,, It appears that, for the same 
detention time, a completely mixed continuous-flow reactor would effect 
better removal of interacting substrates than would be possible in a 
plug flow reactor. This postulate is not based on detailed experimental 
or theoretical grounds. 
From the viewpoint of process design, it is of some interest to 
have information on the fraction of substrate removal responsible for 
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sludge production as well as the fraction which is biologically oxidized 
to GO^ and H^O and other end products. It is also important to compare 
waste substrates in terms of their sludge yields, amenability for oxida­
tive conversion to CO^ and Fĥ O, and stabilization through microbial 
utilization. These may be best accomplished through the aid of graphs 
such as those of Figures 69, 70$ 71 , 72, and 73- The curves in the fig­
ures are defined by equations either derived earlier or as derived below, 
In case of mixed substrates, where individual organics can be 
measured separately, sludge yields are to be expressed in terms of bio­
mass per mass of COD removed, Appropriate equations for sludge yield 
in the above terms can be derived in the following manner. 
From Equations 156 and 157: 
a vga^ (U' +U') + 9 [k'(u' +u') + (m/+m' )] (173) ga gy rL ga g7 g ga y j • ( x r - x r ) + ( x g - x ^ 
• l 
If glucose and galactose removal is measured in terms of COD, then 
= Y ° a ( r ? V 
g a 
( x f - x f ) + ( x f a - x f ) g " g s 
where Y° - apparent yield of active solids in milligrams of active g-ga 
solids per mg of glucose and. galactose COD removed. 
Equation 173 plots as a straight line similar to those of Figures hh and 
k7 • The intercept of the line of best fit at = 0 will be the recipro­
cal of the growth, yield, Y° a . The coefficient of energy of maintenance 
7 gg a 
in terms of the amount of COD used per unit quantity of biomass per unit 
of time can then be computed from the slope of the line. From Equations 
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FIGURE 73. T H E FRACTION OF COD REMOVAL USED FOR T H E PRO­
DUCTION OF BIOMASS WHICH DIE AT VARIOUS DETENTION 
TIMES OF G L U C O S E , GALACTOSE AND MIXED G L U C O S E -
GALACTOSE FED CONTINUOUS FLOW R E A C T O R S . 
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173 and 17 k and Equation 93 cf Chapter IV, and considering that m' and 
U^ a are both equal to zero, one can easily derive the following equation 
for sludge yield in terms of total solids from mixed substrates of glu­
cose and galactose: 
(1+k'e ) 
Y° ° - , • , 7-7- (175) 
u + m e + k u e 
g ga r g r 
Figure 69 compares the sludge yields on the two individual sugars and 
their mixtures. Due to the greater energy requirements of the glucose 
and the glucose-galactose fed cultures, sludge yields were lower than 
that of the galactose fed cultures at detention times above 2-5 hours. 
The curves of Figure 70, which were derived from Equation 6hA 
and Curves 2 and 3 of Figures 4-5 and k-Q and from Curves 1A and IB of 
Figure 60, compare the effluent qualities at various detention times for 
the individual and mixed sugar substrates. It is probable that the 
multiple steps of the effluent COD curve of mixed substrate may be typi­
cal of reactors charged with complex substrates. Comparison of the ef­
fluent qualities at various detention times shows that the presence of 
the less preferred organic, such as galactose, causes deterioration of 
the quality of effluent from a reactor treating only glucose. Con­
versely, introduction of an efficient and preferred substrate such as 
glucose considerably improves the effluent quality of a reactor treat­
ing relatively inefficient substrates like galactose. The foregoing con­
clusions form the theoretical basis for ununifo'rm -effluent quality from 
reactors charged with wastes whose chemical composition varies with 
time. 
3^2 
It can be farther concluded from comparison of the theoretical 
curves of Figure 70 that introduction of less preferred substrates does 
not appreciably" affect effluent quality if the reactor is operated at 
higher detention times (above 2.5 hours for glucose and galactose). 
Rather, the inefficient substrate will have the effect of reducing sludge 
production (see Figure 69) thus minimizing sludge handling and disposal 
problems. Therefore, the high rate process Is sensitive to the diauxie 
phenomenon "while the conventional process is not. 
Figures 71 through 73 show the fractional, utilization of assimi­
lated substrate, in terms of COD removal, for growth and derivation of 
energy through biological oxidation at different detention times in 
terms of COD removal. The fraction utilized for growth at any deten­
tion time can be further subdivided into: (a) the fraction which gives 
rise to the active cells, and (b) the fraction which would account for 
the growth of cells which eventually die. The fractions of assimilated 
single substrate that account for active biomass, dead cells, and energy 
of maintenance could be computed with the aid of Equations 95, 9&f and 
97 of Chapter IV. For mixed substrate, the following expressions, de­
rived in a manner analogous to that for derivation of Equations 95, 9&j 
and 97; were used. 
Percentage of COD removal used for growth of active (176) 
cells = U' Y° a 
g gga 
Percentage of COD removal used for supplying energy of (177) 
maintenance by biological oxidation = m' 8 ! ° a J to ga r gga 
and 
Percentage of COD removal used for growth of cell which (178) 
remains as dead or Inactive = k 'u '0 Y° a 
g r gga 
3̂ 3 
Figures 71, 72, and 73 emphasize that, relative to a single substrate, 
a larger fraction of assimilated mixed substrate COD was biologically 
converted to CO^ and H^O, and a smaller fraction was converted to bio­
mass. The significant conclusion to be made from the above discussions 
is that mixed substrate, even when it contains diauxie yielding organic 
components, is preferable to single substrate from the viewpoint of 




From the experimental results and discussions of the previous 
chapters, the following conclusions were drawn. 
Continuous Process Kinetics for Utilization of Single 
Sugar Substiate 
1. T h e s p e c i f i c g r o w t h r a t e , k , o f the dominant and heterogene­
ous microbial population at any reactor detention time, 9 , was satis­
factorily described by the following equation proposed by Monod: 
k -
K+X7" 
where k = maximum specific growth rate (hr 1 ) 
Xi = steady state substrate concentration (mg/j£) 
K = saturation constant for the organism-substrate system (mg/i) 
The specific growth rate was shown to be related to the reactor deten­
tion time and the specific death rate, k', by: 
1 
k = 7T- + k 
2. A satisfactory measure of dead, inactive, and inert bio­
logical solids was obtained from the difference between the total solids 
concentration, X^ , and the active biomass concentration, X^. Therefore, 
3 ^ 5 
the following equation was derived to describe the specific death rate, 
k': 
k' = 
The specific death rate was constant for a given substrate, a direct 
function of the growth yield (or culture density) and substrate consump­
tion and an inverse function of the extracellular substrate concentra­
tion. 
3 . The following equations were derived and can be used to de­
scribe the steady state organism and substrate concentration: 
xo = (xg-X?)Y 
1 1 + 0 k' + mY6 r r 
s ?' 
> k m - (i+k'e ) 
r v r' 
where XQ = substrate concentration in, influent to reactor (mg/i) 
Y = true growth yield coefficient 
m = maintenance coefficient (hr - 1) 
k. Measured dehydrogenase activities of the cultures gave a 
satisfactory estimate of the active biomass concentration, xj. Dehy­
drogenase activities were linearly related to active biomass concentra­
tion, and the same relationship was valid for all specific growth rates 
during exponential growth on glucose or galactose. Glucose and galac­
tose grown cultures exhibited dehydrogenase activities which were higher 
3^6 
than those exhibited by cultures grown on glucose-galactose mixtures. 
5 . The observed yield coefficient, Y° a, measured in terms of 
active solids, decreased with increases in detention time. Growth 
yields from glucose and galactose were higher in continuous cultures 
than those observed in batch cultures. 
6. Continuous cultures at different detention times exhibited 
different growth kinetic properties. The dominant microbial popula­
tions at detention times above 1 . 7 hours for the glucose substrate and 
2 . 9 hours for the galactose substrate were characterized by k m and K 
values which were lower than those of the population dominant below 
these detention times. (Accordingly, cultures dominant above these 
detention times were called fast growers. Detention times exceeding 
1 . 7 hours for the glucose fed reactors and 2 . 9 hours for the galactose 
fed reactors were considered to be high detention times.) 
7. The experimental data indicated that a slow growing micro­
organism, j, was eliminated in the presence of a fast growing micro­
organism, t>, if: 
ghe - g h . 
n h — £ 0 < x,s 
, m , m 
h - kj 
8. The heterogeneity of the continuous cultures decreased with 
decreases in detention time. In addition, the variabilities of the 
steady state substrate and organism concentration were related to the 
3^7 
degree of heterogeneity of the continuous culture and it decreased 
sharply with decreases of detention time. 
9» The heterogeneous cultures at high detention times contained 
larger populations of Gram negative rods, members of the coliform group 
and free swimming protozoa. 
1 0 . Slime or attached growths in the reactor or on other solid 
surfaces proved to be a definite impediment to the attainment of steady 
states. 
1 1 . Glucose was a more efficient growth promoter than galactose 
because it could cause high cell yields, higher maximum specific growth 
rates (i.e., lower minimum generation times), and also because the or­
ganisms utilizing glucose had a lower saturation constant (i.e., higher 
affinity for this substrate). 
Kinetics of Utilization of Interacting Substrates 
1 . Glucose and galactose were simultaneously assimilated at all 
detention times above 1 . 1 5 hours and when the ratio of the influent con­
centrations of galactose and glucose remained between 1 . 0 5 to 1 . 2 3 * 
2. Glucose consumption accounted for the growth yields whereas 
galactose consumption accounted for the energy of maintenance of the 
cultures. The yield and maintenance coefficients of the cultures fed 
with mixed substrate were higher than those of the cultures grown on 
the individual substrates. 
3- The following equations were derived and found capable of 
describing glucose and galactose uptake by cultures fed with mixed 
sugars: 
3^8 
^41- = u' + k'u'e 
x? s g r 
v"ga 
x ° - x i = m' e 
3PL 
where U' = reciprocal of growth yield coefficient (mg glucose/mg of 
CD 
active biomass) 
m' = maintenance coefficient in terms of galactose uptake (mg ga 
galactose/mg of active biomass-hours) 
h. The specific growth rates of cultures grown on glucose -
galactose mixtures were controlled by the glucose concentration during 
simultaneous utilization of the two sugars. 
5 . Cultures grown on glucose-galactose mixtures had the same 
m 
k and K as observed for the glucose grown cultures. 
6. Glucose uptake rate (mg/i--hr) by the culture grown on glucose-
galactose mixture at any detention time was not significantly different 
from that observed for the glucose grown culture at the same detention 
time. 
7. Galactose uptake rate (mg/^-hr) increased while the specific 
galactose uptake rate (mg of galactose/mg of biomass-hr) decreased in 
the presence of glucose. Increased galactose uptake rate was attribu­
table to higher yield and maintenance coefficients for the cultures 
grown on mixed sugars. 
8. Increased galactose removal rate by glucose-galactose fed 
cultures caused the steady state galactose concentrations to be lower 
than those observed with the galactose grown cultures. The following 
3̂ 9 
equation was derived to express steady state galactose concentration, 
A 
X , as a function of the steady state glucose concentration, Xf: 
1 m„vg 
ga k GXf ITU 
where G and g^ are galactose uptake parameters related to the Michaelis 
constant and the maximum velocity, respectively, of the rate con­
trolling enzymatic step in galactose metabolism. 
Galactose remained unassimilated if the influent galactose con-
£ca 
centration was less than Xf given by the equation. In addition, for 
simultaneous assimilation of glucose and galactose, the ratio of in­
fluent concentrations of galactose and glucose must be more than unity. 
9- In the presence of glucose, the specific galactose uptake 
rate decreased as the steady state glucose concentration increased. In 
light of the galactose permeation model and the cellular regulatory 
mechanisms proposed by various researchers, the specific galactose up­
take rate in the presence of glucose was considered regulated by (non­
competitive) feedback inhibition and/or catabolite repression of the 
galactose permease. 
10. The galactose uptake parameter, G, was lower than the satu­
ration constant of slow growers when galactose was the sole substrate 
thereby indicating an increased affinity of the slow growers for galac­
tose at very low concentrations in the presence of glucose. 
3 5 0 
The Role of Biochemical and Environmental Factors in Determining 
the Mode of Uptake of Competing Substrates 
1. Based on the observed growth kinetic characteristics of slow 
and fast growers in continuous cultures, the following could be theorized 
regarding the mode and kinetics of uptake of competing substrates by-
batch cultures. 
(a) Glucose and galactose can be sequentially removed by batch cultures 
of slow growers; glucose will be preferentially assimilated in the first 
phase. Exclusive utilization of either substrate is given by the fol­
lowing equation: 
Ys _ s Xg(k+mY) 
Ykm 
• kIue n • 
e -1 
g 
w e r e 9 = concentration of substrate at any time, 6 
XQ = initial organism concentration in batch culture 
X0 = initial substrate concentration in batch culture 
(b) Glucose and galactose can be concurrently assimilated by batch 
cultures of fast growers if the ratio of initial concentrations of ga­
lactose and glucose exceeds a limiting value (e.g., 2.20 for the fast 
growers during this research). The following equations were derived to 
describe the glucose and galactose concentrations as functions of time: 
lnX° = in 
XoU'+xf-x̂  n xgu>xf rx0u>xf-xgn (xgu>xf)k" 
U In K X^U K 
kmGX? 
xga = g_J Tr m / m , m w£ K g + (g -k )X 
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2. Sequential uptake of glucose and galactose was not possible 
in continuous cultures because the slow growers favoring phasic uptake 
at higher specific growth rates were displaced by fast growers capable 
of simultaneous uptake of these substrates. 
3- In mixed substrate systems, the substrate having the lowest 
m 
K and capable of bringing about the highest k and Y becomes growth 
controlling and will be preferentially assimilated as long as Its con­
centration can support the highest possible specific growth rate. The 
kinetics of uptake of the preferred substrate remain the same as in the 
absence of any competing substrate. However, the kinetics of uptake of 
the less preferred substrate are modified in the presence of the pre­
ferred substrate. 
h. The apparent contradictions of conclusions reported by various 
investigators of the sequential uptake phenomenon are reconcilable in 
light of the following hypothesis: 
The mode and kinetics of assimilation (sequential or concurrent) 
of competing substrates are determined by the nature of the speci­
fic growth rate functions with reference to the Individual substrate 
concentrations, the relative configurations of the resultant spe­
cific growth rate curves of the various substrates, the ratio of 
concentrations of the substrates, and the type of flow model used 
for the culture system. 
Conclusions of Engineering Significance 
1. Active biomass concentration in heterogeneous biological 
processes can be measured by correlating dehydrogenase activity with 
the solids concentrations for a specific organism-substrate system. 
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2. A high rate aerobic process contains a dominant population 
of fast growers whereas a low rate process contains many species with 
a prevalance of slow growers. 
3« Preferential utilization of glucose from glucose-galactose 
mixtures is not possible if a continuous reactor is operated at deten­
tion times higher than two hours. 
k. Compared, to a single substrate influent, a larger fraction 
of the assimilated mixed substrate is biologically oxidized and a 
smaller fraction is synthesized into biomass. 
5. The quality of the effluent from an aerobic reactor treating 
an efficient substrate like glucose deteriorates if a less efficient 
substrate like galactose is introduced into the influent. However, if 
the reactor is operated at a sufficiently high detention time (e.g., 
four hours for glucose-galactose systems), no significant adverse ef­




A very significant observation made during this research was 
the phenomenon of population dynamics in completely mixed continuous 
flow reactors. The kinetics of growth and substrate removal as well as 
the nature of substrate interaction and the kinetics of uptake of inter­
acting substrates were greatly Influenced by the nature of population 
shift that resulted from the shifting of the reactor detention time. 
This particular aspect of continuous processes and its effect on pro­
cess kinetics has received little attention from researchers in 
Sanitary Engineering. Further research should be undertaken to deline­
ate those biochemical and environmental factors which may cause the oc­
currence of such population shifts. The investigation should include 
in its purview the isolation and identification of the dominant species 
at selected detention times and the study of the growth kinetic proper­
ties of individual dominant species. The information should prove In­
valuable in constructing realistic mathematical models for prediction 
of the behavior of continuous flow biological processes. 
The rational models describing the kinetics of substrate removal 
are based on the kinetics of growth:, These models are satisfactory for 
predicting the disappearance cf substrates that are growth limiting. 
This investigation has revealed that, in the presence of several poten­
tially growth limiting carbon and energy sources, growth is controlled 
35^ 
by the substrate capable of effecting the maximum cell yield and repro­
duction rate. The other carbon and energy sources may serve as supple­
mentary nutrients for energy or other requirements. It has been shown 
that the uptake of the secondary carbon and energy source is, like the 
uptake of the primary substrate, a hyperbolic function of the specific 
growth rates; the function included uptake parameters analogous to the 
m 
growth kinetic parameters k_ and K. However, the model was satisfactory 
for the case in which the secondary substrate accounted for the energy 
of maintenance and when the secondary substrate remained in concentra­
tion exceeding the concentratoon of the growth controlling substrate. 
Additional continuous culture studies may be undertaken to test the 
validity of the hyperbolic relationship between specific growth rate and 
concentration of the secondary substrate for different ratios of influ­
ent substrate concentration. The assertion that secondary substrates 
like galactose would pass through a chemostat type reactor unmetabolized 
at low ratios of influent concentrations of galactose and glucose re­
quires further experimental verification. 
It has been hypothesized that sequential or concurrent utiliza­
tion of competing substrates in batch or plug flow reactors is primarily 
determined by the growth kinetic characteristics of the microbial popu­
lation and the ratio of initial concentration of the interacting sub­
strates. Therefore, microorganisms characterized by low uptake param­
eters (km and K) for glucose and galactose are expected to effect 
sequential removal of these sugars if the initial glucose concentration 
is above about 1 0 ppm. On the other hand, concurrent assimilation of 
glucose and galactose may be brought about by a microbial population 
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having higher uptake parameters if the feed concentrations of galactose 
exceed that of glucose by more than 25 percent. Confirmatory investiga­
tions should be conducted in batch reactors with various ratios of 
initial concentrations of the two sugars. The batches should be inocu­
lated with microbial populations that dominate at various detention 
times in a glucose-galactose fed chemostat type reactor. 
ft has been shown that the dehydrogenase test is a simple tech­
nique with good theoretical basis for furnishing a measure of concentra­
tion of active biological solids. Dehydrogenase activity was propor­
tional to solids concentration and the constant of proportionality was 
independent of growth rates for a given microbial population and sub­
strate composition. However, detailed investigations should be carried 
out to study the effects of varying population and substrate composi­
tions on the relationship between the dehydrogenase activity and the 
active solids concentration. 
Despite the fact that the substrate conversion rate increased 
with decreases in detention time, there are some disadvantages of reac­
tor operation at low detention times of a high rate process. These 
are: 
1. unacceptable effluent quality in terms of BOD or COD; 
2. formation of volatile acids and possibly other organic 
intermediary products; 
3« a greater possibility of diauxie type utilization of compet­
ing substrates In mixed substrate systems; and 
k* vulnerability of the high rate process to changes of chemi­
cal and/or physical environments of the reactor (i.e., vulnerability 
to shock loading). 
356 
In addition, the continuous culture equations commonly used have to he 
revised in case of formation of volatile acids or other products of 
mixed metabolism. Much more research should be directed towards a 
clearer understanding of the behavior, kinetics, and limitations of the 
aerobic high rate process from the viewpoint of the applicability of 





DESIGN OF THE CULTURE VOLUME FOR THE CONTINUOUS 
FLOW REACTOR 
The volume of the continuous flow reactor for research purposes 
should be chosen after consideration of the advantages and disadvantages 
of selecting unduly large or small reactor volumes. 
The advantage of a large reactor volume is that a large number 
of samples can be withdrawn without significantly affecting the culture 
volume, the detention time, and the rate of oxygen transfer. The dis­
advantages of a large reactor are: 
a) need for larger quantities of substrates and nutrients; 
b) need for larger feed reservoirs; 
c) pumping and handling of large quantities of feed solutions; 
d) larger space requirement; and 
e) higher cost of reactor, feed reservoirs, appurtenances, 
chemicals, labor, and power. 
For reasons of economy, the smallest possible reactor volume 
should be selected. However, the volume should be large enough to ac­
commodate the agitation device, baffles, a thermometer, a DO probe, a 
pH probe, and any other essential fittings or equipment. Operation of 
a small reactor at large detention times requires very low rates of 
steady flow of nutrients which are difficult to attain. Operation in 
such situations is accomplished by discontinuous addition of nutrients 
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in discrete drops at regular intervals. Such a practice is undesirable 
as it often leads to fluctuations of substrate and organism concentra­
tions in the reactor; the magnitude and amplitude of the fluctuations 
depend on the concentration differential between the drops of the influ­
ent and the reactor contents. At large detention times of a small re­
actor, the frequency of the concentration swing will be lower, while 
its amplitude will be higher, thus resulting in a highly oscillatory 
steady state. Since heterogeneous cultures tend to cause oscillatory 
steady states, selection of a small reactor would only aggravate this 
problem. 
With a small reactor not more than five percent of the reactor 
volume should be withdrawn in the samples during the period of one de­
tention time; such a practice ensures that the detention time or the 
oxygen transfer rate is not significantly affected due to the withdrawal 
of reactor samples. Samples should be collected from the effluent if 
the frequency of sampling is high and/or the sample volumes are large. 
If samples are collected from the effluent, then the reactor volume 
should be so designed that there is negligible fluctuation in the steady 
state concentration during the period required to collect the desired 
volume of a sample. Perret (319) bas derived the following equations 
for the minimum reactor volumes required to limit the amplitude and 
frequency of fluctuations of reactor substrate concentrations to se­
lected values of the same. 
1 oKi 
36o 
V R = = FT52 ( l 8 ° -
V R 3 = S T ^ T H A < 1 8 1 ^ 
J S 
where V = minimum volume cf re ictoc required for limiting the ampli-
G 
tude of fluctuation of substrate concentration to 6X1 
V = minimum reactor vclume required for limiting the frequency 
of fluctuation of substrate concentration to the desired 
value 
V = minimum reactor volume required in order that fluctuations 
of substrate concentration are negligible during the se­
lected period, 0̂ _, of collection of sample of desired 
s volume, v 7 s v n = volume of a drop of feed solution d 
XQ = concentration of substrate in the influent 
XL = concentration of substrate in the reactor 
a. = a factor to be selected 
^ = allowable frequency of fluctuation of reactor substrate 
concentration per unit time 
k = specific growth rate 
v = volume of sample collected from the effluent s 
8 = time of collection of sample from the effluent, s 
The following values of the minimum culture volume were computed based 
on the anticipated values of the variables at high detention time (v = 
0.05 ml, XQ (max) = kOO mg/i, xf (min) = 0.5 ng/j&, k (min) = 0.2/hr, 
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v = 20 ml, and 6 =2 min) and the allowable limits of fluctuation of s ' s ' 
substrate concentration of ot = 0.025 and 3 = 6o/hr: 
V_. =1.6 liters 
= 21.6 milliliters 
K 2 
VL = k.k liters 
The selected culture volume should be at least equal to the maximum of 




HYDRAULIC ANALYSIS OF IKE CONSTANT HEAD DEVICE EMPLOYED 
ICR TEE DELIVERY OF FEED SOLUTIONS TO THE CONTINUOUS 
FLOW REACTOR 
Under the conditions of operation of the Lute as outlined In 
Chapter V, pressure at Point k of Tube A (see Figure 15A) is 
p 4 - vrd = constant, 
a 
since, d is kept constant for a particular run. Upon sealing the 
feed reservoir from the atmosphere, either of the following two situa­
tions could be encountered depending on tne. relative depths of the 
Tubes A and C (see Figure 1 5 A ) below the water levels: 
(a) when d > d , bubbles of air would be drawn inside the re-
a c 
servoir until p 4 = p 3 in which condition bubbles would escape in the 
Lute at point k and the meniscus in Tube C would remain at Point 3; or 
(b) if d. < &. the meniscus in Tube C would remain above Point 
3, but could be brought down to this level by draining some solution 
by opening Stopcock C and thus lowering the air pressure above the 
solution in the reservoir. in any case, when the meniscus was at 
Point 3, the following relationship held: 
Pa - P4 " W-Uj = constant (l82) 
If Tube B were full of solution and undamped, then flow could, or could 
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not commence depending on the elevation of Point 1. When the elevation 
of the free end of Tube B was such that there was flow of nutrients, 
from Bernoulli's theorem 
Pi/w + z + h = p 3/ w 183) 
where h^ = friction head in Tube B of length I. 
It is also true that 
Pa = EL + D w w 18V 
From farcy Weisbach relationship 
h f = 0 4 8fX 
L T T 2 G D O 5 
(185: 
where = flow rate of feed solution into reactor 
f, friction factor = § (Reynolds number) 
d0 = inside diameter of Tube B 
From Figure 15A 
Z - D = Z (186) 
From Equations 182, 183, 184, 185, and 186 
TTDR G^Q 
L2fiJ 187: 
Since J^2~ LUxJ = c o n s t a n t; K 
= K(d -z 
v a 
(189) 
Equation 189 is identical to Equation 126 of Chapter V. From Equation 
189, for a fixed depth of Tube A in the Lute and an adjusted elevation 
of the open end of the Tuhe B, the flow rate remained constant. Furthei 
more, for the assumption of the derivation to hold, i.e., for flow to 
occur, d > z for Q. to he positive in Equation 189. If the free end of a 1 
Tube B is adjusted at a level such that d'a < z, Q,̂  becomes imaginary 
from Equation 189 and under this condition nc flow could occur. 
It follows from the above discussions that the depth of the Lute 
should be at least one inch more than the maximum lift, z, expected,. 
Satisfactory working of the constant head device depends very 
much on the formation and steady release of spherical capped air bubbles 
from air Tubes A and C. The tubes should be of suitable diameter with 
square edges at the open ends. The edges of the opening of the air 
tubes should be free of Irregularities. In some instances the level 
of the meniscus inside Tube C oscillated at extremely low flow rates, 
thus introducing a simultaneous fluctuation in the flow rate. 
After escape of the bubble in the nutrient reservoir, the level 
of fluid in Tube C rises by a few millimeters thereby reducing z. Un­
fortunately, the phenomenon is more pronounced in low flow rates asso­
ciated wiuh small reactor volumes and high detention times. To sta­
bilize z. Defiaan and Winkler (321) have suggested that Tube C be fitted 
with a horizontal arm or with a horizontal spiral ending in a fine point. 
Such an attachment was not necessary, however, in the apparatus used in 
this research, since the reactor volume was comparatively larger, and the 
phenomenon was not noticeable at detention times below four hours. 
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APPENDIX III 
DETAILED PROCEDURE FOR THE DEHYDROGENASE TEST 
Preparation of Reagents 
1. Tris-HCl buffer, 0.05M : Add 6.037 grams of tris (hydroxy-
methyl) aminomethane and 20 milliliters of 1.0 N HC1 to one liter of 
distilled water. Buffer pH is 8.4. 
2. TTC-glucose reagent: Dissolve 0.200 gram of triphenyltetra-
zolium chloride (TTC) and 1.500 grams of glucose in 100 milliliters of 
distilled water. Store reagent at 2°C to prevent growth. Any reddish 
tinge is indicative of growth and the reagent must be discarded. 
3- Ninety-five percent or absolute ethanol 
Procedure 
1. Set up three non-protein nitrogen (NPN) digestion tubes 
(graduated at 35 and 50 ml marks) and add one milliliter of buffer to 
each test tube. Mark test tube "B,? to indicate reagent blank and mark 
the other two " s " to contain duplicate aliquots of the sample. 
2. Homogenize sample at 15,000 rpm for two minutes and pipette 
an eight milliliter aliquot into each of the two tubes marked " s " . Pip­
ette eight milliliters of distilled water to the tube marked "B". 
Eastman Kodak No. 6533 
Waring "Blender", single speed for 115 volts ac with "Semi-
micro Monel.Metal" container and "Friction-fit" cover, Model 700 A, 
Waring Products Corporation, New York, New York. 
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3- Place the tubes in a 37°C water bath, stopper, and connect 
in series as shown in Figure 22. Bubble nitrogen at the rate of 0.01-
0.02 SCFM for 10 minutes to bring sample temperature to 37° C, ensure 
complete purging of DO, and establish a nitrogen atmosphere inside of 
the tubes. 
k. After 10 minutes, add one milliliter of TTC-glucose reagent 
to all of the tubes and continue to bubble nitrogen during the next 60 
minutes of reaction at 37°G. The tubes should be protected from expo­
sure to strong light during the reaction time (a black sheet of plastic 
was used to cover all tubes). 
5« At the end of 60 minutes, stop color development by adding 
one milliliter of formaldehyde. Also add one milliliter of k M HC1 to 
each tube to prevent formation of a colloidal suspension. 
6. Stop nitrogen flow, disconnect NPN tubes from each other, 
wash the inside and outside of nitrogen supply lines within the NPN 
tubes with ethanol (conveniently done by a few squirts of ethanol from 
a squeeze-type plastic wash bottle), and allow the washings to drain 
into the proper NPN tubes. Dilute the contents of the tubes to the 5 0 
milliliter mark with ethanol. Mix diluted solutions thoroughly. 
(Higher or lower dilutions may be used if color is too intense or too 
faint.) 
7. Allow the samples to stand in darkness for 30 minutes for 
dissolution of the tetraformozan in alcohol. 
8. After 30 minutes in darkness, mix the contents of the tubes, 
filter through cotton in a funnel and into matched cuvettes for spectro-
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photometric analysis at 483 W> a n (i 0*05 iron slit width, setting the 
reagent blank at zero absorbancy. A light path of 10 centimeters was 
used if the percent transmittance with a one centimeter light path was 
higher than 90 percent. 
Photometric analysis was performed with a Beckman DU Spectro­
photometer, Model 2400 (Beckman Instruments, Inc., California) with 
either Beckman corex square cells of 10 mm light path or Beckman 
cylindrical cells of 100 mm light path. 
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APPENDIX IV 
MINIMAL MEDIA FOR BATCH CULTURES 
Nutrients Concentrations of Amounts Used per Liter 
Stock Solutions of Culture Volume 
(gm/4) (mg/X) 
44.130 5 
CaCl2, 2H20 0.400 5 
FeCl , 6H20 0.400 5 
M gci 2, 6H 2O 32 5 
Na2HP0i+ 227.2 25 (o.o4 M ) 
K H 2 P 0 4 217.6 25 (o.o4 M ) 
Glucose 0.1 as selected 
Galactose 0 .1 as selected 
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APPENDIX V 
PROCEDURE FOR THE DETERMINATION OF CONCENTRATIONS 
OF DRY BACTERIAL SOLIDS BY THE CONTROL FILTER 
GRAVIMETRIC TECHNIQUE 
(Adapted from the ASTM "Tentative Methods of Test for Particulate Con­
taminant in Aviation Fuels/' D 2276-651 (^08), "Control Filter Procedure 
Using Standard Monitors" of Millipore Filter Corporation (369) and Aero­
space Recommended Practice Arp 785 (370) of the Society of Automotive 
Engineers, Inc., New York.) 
Equipment and Materials 
1. A one-liter vacuum flask with side outlet 
2. 30 ml capacity pyrex filter holder (unit comprised of a 300 
ml pyrex funnel, "coarse grade" fritted support for funnel, spring-
action anodized aluminum holding clamp, and neoprene stopper to fit 
standard one-liter vacuum flask), Catalog No. XX 100U700, Millipore 
Corporation, Bedford, Massachusetts 
Vacuum pressure pump 
Vacuum hose 
Forceps with unserrated tips 
Covered glass petri dishes, 150 mm 
Drying oven 
Analytical balance 
9. Millipore filters, diameter hi mm, pore size 0.^5 micron, 
type HA, Millipore Filter Corporation, Bedford, Massachusetts 
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Test Procedure 
1. Label N pairs of filters with ball-point pen on the filter 
edge (N is the number of samples to be run). A pair may be marked as 
LA and IB and so on, the numbers denoting the sample numbers in a test 
series. One of the filters in the pair is the test filter, which will 
retain the solids, while the other is the control filter. Transfer 
the pair to a clean and covered petri dish but leave the cover ajar. 
2. Allow filters to stand at room temperature and humidity for 
at least one hour for equilibration to ambient room conditions. 
3. Weigh all filters after equilibration and record tare 
weights. Transfer each pair of filters back to the proper petri dish. 
k. Using forceps, place the pair of filters on the fritted base 
of the filter holder so that the test filter is above the control filter. 
Place the funnel on top of the fritted base and clamp securely. 
5 . Pipette the selected volume of sample into the funnel, apply 
vacuum to the filter, and release vacuum when the fluid level has reached 
the level of the test filter. 
6 . Wash the inside of the funnel free of any attached solids by 
rubbing the glass surface with a plastic spatula while dispensing a 
steady stream of distilled water; then filter to dryness. 
7. Release vacuum, remove clamp and funnel from the holder, and 
with the forceps carefully remove each filter separately from the fritted 
base and return it to the proper covered petri dish. The wet filters 
tend to stick to the glass surface of the petri dish after removing them 
from the filter holders. To remedy this they may be allowed to rest in 
an inclined fashion between the bottom and the edge of the petri dish 
for about five minutes for air drying. 
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8. Place the covered petri dishes with covers ajar in the dryinj 
oven at 100°C for exactly 30 minutes. 
9- Remove the dishes from the oven and allow filters to cool 
and equilibrate to ambient room conditions for at least 15 minutes with 
the covers ajar. 
10. Reweigh all filters and record their final weights. 
1 1 . Substract tare weight from the final weight of each filter. 
The result obtained for the test filter gives the uncorrected weight of 
the sample solids while that for the control filter gives the loss or 
gain in weight. 
12. Apply control filter weight change as a correction factor 
to each test filter result, substracting this factor when the control 
filter shows a weight increase or adding the factor when the control 
filter shows a weight decrease. 
13. Compute the dry bacterial solids concentration from the 
determined weight of solids and the known volume of the sample 
filtered. 
APPENDIX VI 
SUMMARY OF BATCH RUNS 
Batch Substrate Time Substrate 
Cone. 
Dehydrogenase 
Activity @ 483 mu. 




(hrs ) (mins) (mg/X) (o.d.) (o.d.) (Wa) 
I 2 3 k 5 6 7 8 9 
// * 
#1 Glucose OO 00 136.3 0.0132 2 31 131.7 0.0137 




















10 28 0.0364 28.0 
10 kk 73.0 
n 11 74.3 O.O565 37-0 12 Ok 64.7 0.0536 33.0 
12 5^ 48.5 
13 k9 0.0977 44.0 
Ik 03 35.0 
Ik 56 O.0398 52.0 
15 09 20.7 
16 01 6.3 
16 30 O.0659 55.0 
16 56 0.06 
approximate yield coefficient for glucose = 0.40 
1 2 3 4 5 6 7 8 9 
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X 2 3 4 5 6 7 CO c 
m Glucose 18 04 O.2091 146.0 
18 56 0.2226 132.0 20 57 0.2253 122.0 23 01 0.3528 126.0 Lowest pt of oxygen sag  01 0,2262 25*2 20$ sample + 80f0 H 20 23 01 O.1297 12.6 10$ sample + 90$ H 20 23 01 O.0655 6.3 5$ sample + 95$ HoO 
#1 Galactose 00 00 0,0171 8.5 00 56 O.OI98 6.0 I C C 2 0 0,0237 10.0 •? 56 0.0223 12,0 3  0.0315 13.0 4 56 0.0463 22.0 6 00 O.0872 36,0  58 0.093̂  47.0 8 06 73.0 Lowest pt of 0 2 sag 8 06 29.2 40$ sample + 6of0 H 20 8 06 0,0487 1.4.6 20f0 sample + 80$ H 20 8 06 0,0115 3.65 5$> sample + 95fo H20 #2 Galactose 1 05 0.0126 5-0 
2 3k o.oi4i 9-5 3 38 0,0155 12.0 5 11+ 0.0214 4o.i 6 41. 0.0600 33.0 
1 2 3 4 5 6 7 CO
 c ) 
#3 Galactose 00 00 4 200.0 0.0022 3.5 
01 25 0.0032 9.5 3 05 0.0110 5.0 4 08 0.0066 7.5 5 31 0.0112 18.0 6 32 0.0251 25.3 7 49 0.0182 35.0 8 3 0.489 60.0 9 52 0.0831 56.8 11 02 0.1106 io4.o Lowest pt of O2 sag 13 02 0.0429 120.0 #4 Galactose 00 00 O.0685 7.0 
01 25 0.0492 6.0 03 15 0.0000 10.0 06 48 0.1276 31.0 08 29 0.2259 32.5 09 14 0.3472 36.0 10 04 0.3780 37.0 10 50 0.3360 55.0 ii 59 0.0865 82.0 13 02 0.1144 98.0 15 02 0.1515 108.0 15 32 0.1226 116.0 16 14 0.1739 118.0 17 18 0.2417 133.3 Lowest pt of 02 sag 17 18 0.1789 106.7 Qoio sample + 20% H2O 17 18 0.1033 80.0 60% sample + ho% H20 17 18 0.0760 53.3 k0%0 60% H20 17 18 0.0232 26.7 20% sample + 80% H20 17 18 0.0964 13.3 10% sample + 90% H20 17 18 0.0614 6.7 5fo sample t 95fo H20 
1 2 3 h 5 6 7 CO c 
#5 Galactose 00 00 O.0506 1.0 
00 34 293-5 2 6 6 17 06 24 
336.5 
295.0 
O.OO92 0.0119 13.0 15.0 
7 8 
9 
0103 03 258.O 
0.0103 0.0244 0.0320 
14.0 28.0 
4o.o 
li 10 0.0458 O.3835 44.0 12 12 171.0 0.0633 46.0 13 02 158.O 13 51 0.0705 52.0 l4 03 130.0 15 09 51.O 15 25 0.1403 15 50 5.0 16 15 3-33 16 k3 0.2330 118.0 15 min after of 02 sag lowest pt 
16 k3 0.1902 94.4 80f0 sample + 20f0 H 2 0 16 k3 0.0790 70.8 6of 40f0 H 2 0 16 h3 0.0732 47.2 4of0 sample + 60% 2 O16 h3 0.0420 23.6 20% sample + 80% H20 16 k3 0.0209 0.1555 11.8 10% sample + 90f0 H20 16 k3 O.0585 5.9 5f0 sample + 95fo H20 
approximate yield coefficient for galactose = 0.31 
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APPENDIX VII 
Dehydrogenase Activity @ 483 mu, Source of Sample 
Absorbance Absorbance 
in 1 cm cell in 10 cm cell 
1 2 3 
0.0458 0.3835 Batch 5 on galactose 
0.0420 0.3790 Dilution of sample from batch 5 on ga-
lactose 
0.0209 0.1555 11 




0.0223 0.1981 Continuous culture on galactose, Run 10 
0.0437 0.3765 n rr Run 10 
0.0246 0.2095 (i 11 " Run 7 
0.0330 0.2467 it 11 
0.0346 0.1932 11 n 
0.0608 0.5387 1! f 1 
O.0389 0.3382 II II 
0.0256 0.2104 1! II 
O.0265 0.2104 1! II 
0.0162 0.0543 II II 
0.0159 O.O899 II II " 
0.0126 O . I 8 5 O II II Run 8 
0.0097 0.1548 11 II 
0.0115 O.1581 n ii 
O.0037 O.0878 ii 11 
0.0027 0.1074 11 11 
0.0020 O.0949 II M 
0.0011 0.0840 II tl 
0.0013 0.0732 It tl 
0.0035 0.0846 ir tt 
0.0013 O.0568 rr n 
CORRELATION BETWEEN ABSORBANCES OF DEHYDROGENASE SOLUTIONS 























Continuous culture on galactose, Run 4 
Continuous culture on glucose- Run 3 




ENZYMATIC METHOD OF THE DETERMINATION OF GLUCOSE 
USING WORTHINGTON GLUCOSTAT 
Procedure I: Concentrations below 30 mg/i 
A. Preparation of Reagents 
1. Glucostat 
(a) Dissolve the contents of the Chromogen vial by adding 
distilled water to the vial with a squeeze bottle. Pour solution into 
a clean 10 ml graduate cylinder. Rinse vial several times with small 
amounts of distilled water and add rinses to solution in the cylinder. 
(b) Dissolve the contents of a Glucostat vial in a similar 
manner and add the Glucostat solution to the Chromogen solution. Di­
lute the mixture to the 50 ml mark of the graduate cylinder, mix and 
store in darkness in a refrigerator. If the reagent is turbid, it should 
be filtered through a Whatman No. 30 (or No. ho) filter paper. 
k. k M HC1 
Dilute 3̂ 0 ml of concentrated HC1 (reagent grade) to one 
liter with distilled water. 
3- Standard Glucose Solutions 
(a) Stock solution: Dissolve 2.f grams of benzoic acid 
(preservative) in about 900 ml of boiling distilled water. Allow the 
solution to cool to room temperature and dissolve one gram of dextrose 
(reagent grade) in the benzoic acid solution and finally dilute the 
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solution to one liter in a volumetric flask. The solution may he stored 
in a cold place. 
(b) Prepare standard glucose solutions of various selected 
concentrations by proper dilutions of the stock solution. 
B. Analysis of the Unknown Sample 
1. Set up several 18 X lp'O mm test tubes labeled as follows: 
U 
k ml reagent -
•h ml filtered 
sample 
X k ml filtered 
sample — 
•k ml H 0-
U+W 
1 10 20 
A • h ml reagent 
h ml standards 
y\ solution ^ 
Unknown Reagent blank For turbidity Standards, 10 and 
Correction 20 ppm 
Pipette k ml of distilled water into tubes marked " B " and MU+W". Pip­
ette k ml of standard solution into tubes appropriately marked with the 
value of the concentrations. The concentrations of the standard solu­
tions used should approximate the concentration of the unknown. It is 
preferable to use more than one standard solution as the unknown concen­
tration frequently cannot be guessed. Tne unknown is run in duplicate. 
2. Set up filtration apparatus for filtering sample from the 
reactor as follows: 
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Rubber strap 
To vacuum pump 
Gooch crucible 
glass fiber filters, 2.4 cm 




3- Filter reactor sample by slowly pouring it at the center of 
the glass filter and avoiding flooding of the filter paper or short 
circuiting through the edges of the filter paper. Good filtration can 
be obtained when vacuum reads 20 psig or more. 
k. Pipette k ml of filtrate into test tube marked "u" and k ml 
into test tube marked "u+W". Add k ml of the Glucostat reagent to all 
the tubes except the tube labeled "U+W". Incubate all tubes at 37°0 in 
a water bath for 30 minutes. 
f. After 30 minutes, add two drops of k M HC1 to each tube to 
stop the reaction and color development. Mix contents of the tubes by 
gently tapping the bottom of the tubes. Allow the tubes to stand at 
room temperature for five minutes. The color remains stable for at least 
12 hours. 
6. Read the percent transmittance of the contents of Tube nU+W n, 
"B", standards and "u" in the order stated in a spectrophotometer at a 
wavelength of hOO mo- and a 0.0Q mm slit width with respect to a distilled 
water blank. (Colorimetric analysis was performed with a Beckman DU 
spectrophotometer, Model 2k00.) 
7. Compute the concentration of the unknown from the following 
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formula: 
C = concentration of unknown u 
C = concentration of standard s 
A , = 2-log {% T of standard solution) st ° ' 
A = 2-log do T of unknown solution) u 
A^ = 2-log (% T of reagent blank) 
A_̂_ = 2-log (% T due to turbid solution In Tube "UtW" 
Procedure II: Concentrations above 30 mg/X 
A. Preparation of Reagents 
Use same as in Procedure I with the exception that the Glucostat 
reagent is diluted to 90 ml instead of 50 ml. 
B. Analysis of the Unknown Sample 
Step 1 Is the same as Step 1 of Procedure I, but one ml of dis­
tilled, water is used in the tubes marked " B " and "u+W" and one ml of 
standard solution is pipetted in the appropriately labeled test tubes. 
Steps 2 and 3 are the same as the corresponding steps of Procedure I. 
In Step h, one ml of filtrate is pipetted into tubes "u" and "u+W" and 
9 ml of glucostat reagent is used instead of the h ml used in Procedure 
I. Steps 5 through 7 are the same as those in Procedure I. 
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APPENDIX IX 
ENZYMATIC METHOD OF THE DETERMINATION OF GALACTOSE 
USING WORTHINGTON GALACTOSTAT 
Procedure I: Concentrations below 50 mg/i 
A. Preparation of Reagents 
1. Galactostat: 
(a) Use two vials of Chromogen and two vials of Galactostat. 
Dissolve contents of the Chromogen vials by adding 0 - 5 ml of methanol 
into the vial and mixing. Pour solutions into a 100 ml graduate cylinder. 
Rinse the vials and vial caps using small amounts of distilled water and 
add rinses to the cylinder. 
(b) Add about 8 ml of distilled water to each Galactostat 
vial, recap vials, and shake to dissolve contents. Add solutions to 
the 100 ml cylinder. Rinse Galactostat vials and vial caps with distilled 
water and pour rinses into the graduate. The solution should be filtered 
through Whatman No. 30 or No. ho filter papers if turbidity develops. 
Dilute the solution in the graduate to 5 0 ml, mix, and store in a dark 
bottle in a refrigerator. The reagent should not be freezed to avoid 
denaturation of the enzyme protein. 
2. EDTA Solution: 
Prepare a saturated solution of EDTA. Filter and store fil­
trate in a stoppered bottle. 
3Qh 
3« Standard Galactose Solutions: 
The procedure is similar uo that for the preparation of the 
glucose standards (see Appendix VIIl). 
B. Analysis of the Urfhiown 
The procedure involves uhe same nuiaber of steps as in the Gluco-
stat test. The operations are also very similar with the following ex­
ceptions : 
(a) In Step 1, pipe:ce 2 ml of distilled water into the tubes 
labeled ??B,r and "u+W" and 2 ml of standard galactose solution into the 
tubes for s tandard so rutions« 
(b) In Step k, 2 ml of filtrate is pipetted into the tube 
marked, "u" and another 2 ml into the tube marked "U+W". All tubes ex­
cepting the "l+W" receive 2 ml of galactostat reagent. All tubes are 
incubated at 37°C for at least an hour. Longer incubation periods up to 
two hours may be needed for very dilute galactose solutions. 
(c) In Step 5 , the reaction is stopped by adding O.267 ml of 
saturated solution of ETTA with a micropipette„ The color Is not as 
stable as that of Glucostat. 
(d) In Step 6, DU analysis is performed at a wavelength of 
425 millimicrons and slit width of 0.09 mm. 
Procedure II: Concentrations above fl mg i 
A, Preparation of Reagents 
Same as In Procedure I but use one vial of Galactostat and one 
vial cf Chromogen, 
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B. Analyses of the Unknown 
Same as in Procedure I except that 3 ml of Galactostat reagent is 
used instead of 2 ml. The incubation period need not be more than one 
hour as adequate intensity of color is developed at the end of this dura­
tion of incubation. 
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APPENDIX X 
< 1 ^ 0 
( 1 9 2 ) Y° d0 
where X„ = substrate concentration 
Y° = observed growth yield 
X° = organism concentration 
dX 
A l s o ^ = K°e ^93) 
where k = specific growth rate (time 1 ) 
Steady state organism concentration in reactor is given by 
ESTIMATION OF THE OVERALL OXYGEN TRANSFER COEFFICIENT 
K^a FOR CONTINUOUS CULTURE 
The rate of oxygen consumption hy a biological culture is given 
by 
dx° 2 aid 
where X^2 = concentration of oxygen in culture at anytime, 6 
p = mass of oxygen consumed per unit mass of substrate assimi­
lated 
From mass balance 
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X? - (X^-X^Y0 (1 9 4) 
where = steady state organism concentration in reactor 
X 0 = Influent concentration of substrate 
X1 = steady state concentration of substrate in reactor 
Also, k ~ l /0 r (195) 
where 0 = detention time in reactor r 
From Equations 191, 192, 193, 194, and 195 
dxfe P(xg-X?)Y° 
d0 Y°0 r 
where X^2 = steady state oxygen concentration in reactor 
let P/Y° - R (197) 
where R = mass of oxygen consumed per unit mass of organism in reactor 
Substituting Equation 197 Into Equation 196 
^ir = # • (XO-XI)Y° (198) 
( 1 9 6 ) 
The physical oxygen transfer rate is given by 
^ = Kj.a [aX^-X?*] (199) 
where X^2 - saturation concentration of oxygen in distilled water 
a for culture 
h a for distilled water 200) 
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As steady state 
(X^-XlS)Y° = K^a (orX^-X?") (201! 
r 
and 
K a = R(X°"^)]C ( 2 o m: 
x e ( n x ° 2 - x ° 2 ) 
rv s 1 y 
Equation 201A is identical with Equation 147 of Chapter VII. 
Assume: (l) x f = 0 and Y° = 0.7 for glucose ,grown cells at 
8 = 6 hrs and 30°C r 
(2) XQ = 290 mg/X and Y° =0.8 for glucose grown cells at 
6 = 1 hr and 30°C r 
(3) = 300 mg/X 
(4) a = 0.95 
X ° 8 = 7.63 at 30°C from Standard Methods (327) s 
R = 0.77 at 30°C from Schulze (64,65) 
If it is desired to have a residual DO of 2 ppm, then 
X" 3 = 2 
From Equation 201A 
For a detention time of 6 hours 
K a = 4.8 hr"1 at 30°C, 
h 
and for a detention time of 1 hr, 
Kĥ a = 1.095 hr - 1 at 30" C 
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Using the usual expression for the effect of temperature on the 
oxygen transfer coefficient (328) and assuming a temperature coefficient 
of 1.05, the design K^a values at 20°C were computed to be 3»93/br and 
0.90/hr at detention times of six and one hour, respectively. 
Computation of Coefficient, a 
K^a varies inversely as the volume so that 
K^a- = f ( 2° 2 ) 
where K^a and K^a' are transfer coefficients at volumes V and V"', re­
spectively 
From Figure 3^ 
K^a = 10-3 hr - 1 for sterilized culture (5^70 ml) and tap water 
(5112 ml) 
From Equation 202 
f̂ a for 5112 ml of sterilized culture - 1 0 
= 11.00 hr"1 
L a of sterilized culture of volume fll2 ml 
Coefficient, a = = 1.07 




Since the dissolved oxygen deficit 
D=X°=-X° 2 (2010 
Equation 203 reduced to 
| 2 = K^D (205: 
Solution of the differential Equation 205 is 
-KLaD 
D 0 = D0e L (206) 
where D 0 = saturation deficit at 9=0 
D Q = saturation deficit at 0=6 
Consider the reoxygenation period to be divided into a number of 
THEORETICAL BASIS FOR GRAPHICAL DETERMINATION OF K^a 
The mathematical basis for the graphical technique as given below 
is similar to Fair's (4-O9) method of analysis of BOD data by the method 
of log difference. 
The rate of oxygen absorption is expressed by the equation 
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Intervals each being equal to the constant duration, A0. In other words, 
if 9 0 , 0 X , 0 2 , 0 3, etc. are points in time separating the intervals, 
then Q 1 - Q 0 = 02-0! - 03 -0 2 = . . . .A0 (207) 
It now follows from Equations 206 and 207 that 
V D ( 0 + A 0 ) = D ° 6 
•KLaQr -(K Ta)(A0) n L 
1-e 
The left hand side of Equation 208 represents the decrease in saturation 
deficit over the interval A0 and is the same as the increase in concen­
tration of oxygen AX^2 during the same interval, so that 
0 -^ae r -(KLa)(A0) 
AX A | = D0e I 1-e ;209) 
or 
n r -(K_a)(Ae) 
In AX = In D n 1-e 
L j - Kf̂ a© (210) 
Equation 210 is identical to Equation ihQ of Chapter VII. 
Thus, the logarithm of incremental oxygen absorption bears a 
linear relationship with time which is the basis of the plot of Figure 
3^. It is to be noted that 
- X ^ _ x ^ or = X<? 2-X^ , etc. (211] 
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APPENDIX XII 
DESIGN OF PHOSPHATE BUFFER SYSTEM 
Maximum production of CO^ is expected at the higher detention 
times. For an assumed glucose or galactose consumption of 300 mg/X, a 
yield coefficient of 0.6 and considering that each mole of glucose 
yields six moles of carbon dioxide on combustion via the glycolytic and 
tricarbonylic cycle, the carbon dioxide production may be calculated as: 
It is doubtful that all of the 0 0 ^ produced would be in solution 
and remain as carbonic acid at the pH, alkalinity, and total solids con­
centrations encountered in the solution of the nutrient salts. Never­
theless, since it was difficult to calculate the concentration of the 
carbonic acid which would be actually present, it was further assumed 
that 
If the acceptable pH deviation is 0 . 1 unit, then the design buffer 
index was 
C 0 2 production = (300) (014) (264)/l8o = 176 mg/i 
= 4 X 1 0 ~ 3 moles/X 
3 
4 x 1 0 
0 . 1 
= 4 X 1 0 " s moles/X as H CO 
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From Equation 13, page 2^3 of Butler (393) and using the design 
3 = k X 10"s moles/i and pH of the equimolar H^PO^ = HPO^ system to be 
6.88 at 20°C (392), the total phosphate concentration was calculated to 
be 0.08 M. The buffer system therefore constitutes a mixture of 0.0k M 
KH2P0^ and 0.0k M Na^PCy 
The inverse slope or buffer index, 3; of the buffer solution used 
was 66.6 meq/i per pH unit approximately (see Figure 37)- Expressed in 
terms of carbonic acid concentration, the buffer index, 3, of the buffer 
solution used was 3-33 X 10 2 moles/i compared to the desired buffer 
index of h X 10~3 moles/i. 
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APPENDIX XIII 
SAMPLE CALCULATIONS FOR CONCENTRATIONS OF NUTRIENT SALTS 
Determination of Concentration of the Nutrient Salt Furnishing 
the Nitrogen Requirement 
Assume substrate glucose or galactose concentration to he 300 mg/X 
maximum after dilution. 
Carbon concentration in substrate feed = (72) (300)/l80 = 120 mg/i 
Using (NH^^SO^ as the nutrient salt and a C:N ratio of 6, the concen­
tration of (NH^)2S0^ in the influent solution after dilution by sub­
strate flow should be: 
(NHO2S04 (IN MG/2) = (i§2) FFF) = 9^-3 
Considering a maximum dilution factor of 12 due to dilution by the sub­
strate solution, 
(NH1+)2S0^ (inmg/jO = (9k.3) (12) = 1131.6 
This concentration may also be computed from Equation 152 of Chapter VII 
as follows: 
M n S = 132, ¥ n e = 28, X Q = 300, W° = 72, M S = 180, R = 6, 
and Q,VQn = 12, so that, 
^ , m r \ ^ 132 X 300 X 72 X 12 ^ _ /, h (NHOgSO^ = - - £ 8 2 T B 5 - R 5 = 9)4.3 mg,n 
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Concentrations of Nutrient Salts in the Nutrient Feed Reservoir 
Nutrient Salts Concentrations (mg/i) 
(mk)2B0k 1 , 2 9 0 
Na2HP0J+ 2 2 , 0 0 0 . 0 
KH"2P0, 2 1 , 0 0 0 . 0 
MgCi2, 6H 20 kkQ.O 
CaCl2, 2H20 5.6 • 
FeCl3, 6H20 5-6 
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APPENDIX XIV 
EXPERIMENTAL DATA FROM CONTINUOUS CULTURE RUNS 
Part A. Details of Steady State Runs with Glucose as Substrate 
Remarks Run Time Glucose Concentrations Dehydrogenase Dry Flow Temp DO pH 
ho 3 Reactor Influent Activity Solids Rate 
Concen­
tration 
(hrs)-(min) (mg/l) (mg/j£) (Absorbance) (mg/l) U/hr) (°C) (mg/j) 
2 3 j 
00 00 1-3 
23 48 5-.2 




65 23 1.2. 
68 12 
68 55 




28 78 53 
79 00 6.8 
80 13 
80 43 
95 43 0.0 
114 03 
120 33 0.0 
120 58 












































1 2 3 h 5 6 7 8 9 10 11 12 
149 13 
160 28 0.5098 
160 58 l.34o 20.5 6.76 
161 23 1.130 
167 43 0.0 211.0 20.0 6.76 
184 09 1.080 
185 28 4.5 
191 08 0.0 0.5473 20.0 6.60 
209 13 0.5430 1.488 20.5 6.65 
210 28 
223 ^3 86.0 20.3 6.75 
223 48 2.0 182.7 0.5064 
224 ^3 
225 58 1.292 
226 13 1.327 
226 43 0.6284 92.0 
252 03 0.5180 1.486 20.3 6.70 
252 48 1.435 
252 56 1.460 
255 16 ^ . 1 , 3-9 146.0 
255 28 
263 13 20.5 
265 33 0.0 152.0 0.6839 
270 ^3 98.0 1.500 6.65 
271 ^3 1.330 
287 18 6.7 167.0 21.0 6.78 
297 02 2.5 82.0 
298 39 3.7 0.8133 
299 18 90.0 1.386 21.0 6.75 
302 ^3 3.3 
305 ^3 142.0 0.7372 1.432 20.4 
311 28 h.3 20.0 6.70 
316 53 98.0 1.380 
1 2 3 4 5 6 7 
co 9 10 11 12 
317 43 4.4 








00 00 20.0 Dehydro-
00 45 1.855 6.75 genase 
1 10 4.2 O.3138 101.0 1.820 Activi­
1 ^3 ties 














6-75 cm light 
path 
2 16 15 1.6 
16 30 0.4754 77-0 1.970 20.4 
24 47 2.7 
25 18 0.4554 84.0 1.840 
25 30 107.6 1.850 20.0 
30 00 l.l 153-0 0.4289 20.0 6.70 
4l 28 6.7 
41 55 0.3378 83.0 1.826 20.5 6.70 
46 31 83.0 
^9 26 1.8 











93 4o 1.4 0.4169 72.0 1.830 20.6 6.86 
97 20 3-5 
101 4o 1.2 134.0 0.4409 20.0 
117 25 3-8 
CM 3 



























75.3 1.840 20.4 4.6 
Steady 




0 00 3.1 Dehydro­
0 19 0.4802 genase 
1 00 82.O 2.49 6.85 Activi­
1 16 2.8 0.5086 ties 
3 11 2.5 measured 
3 43 80.0 with 10 




56 2.9 163.5 84.0 
path 
9 46 2.0 152.5 0.4318 21.4 6.80 
17 05 0.3872 
17 17 3.8 0.4134 
22 26 0.4330 
22 24 87.5 
23 01 
24 36 0.4841 2.45 21.0 6.80 
24 51 154.4 70.0 2.62 
30 11 2.1 150.0 0.4413 6.85 
42 31 0.3 92.0 2.59 21.0 6.80 
47 21 147.2 2.55 
Steady 


















2.550 21.2 3.1 
Steady 




00 00 10.9 3.20 02 10 3 45 39.7  6 
9 
59 20 10 39-2 55-2 141.7 0.0915 0.0778 54.0 3-10 21.2 5-7 
13 20 166.0 0.0706 21.0 5-7 6 .85 2628 902 3-24 2.96 19.3 
29 48 0.2 32 13 19.8 33 05 2.61 19.0 7-2 33 10 155.5 37 10 13.1 147.0 0.1146 19.0 6 .85 Pains 4&5 43 50 ru  at the6 12 6.7 0.1367 same de­46 45 0.1487 78.0 tention 47 12 10.4 0.1192 time but at 47 38 0.1107 2.89 19.5 different 47 40 155.0 influent 55 20 7.6 0.1314 76.O glucose 55 55 144.6 3.03 20.0 concen­57 10 0.3 tration 70 35 0.7 78.O 
1 2 
m 4 5 6 7 CO
 
9 10 11 12 72 05 2.86 20.9 72 27 72 36 0.1 73 02 152.7 2.99 77 08 3.7 O.1238 78 07 2.99 6.76 79 40 0.9 98.O 3.06 80 40 81 06 4.0 81 4o 144.0 81 41 3-01 81 55 20.4 93 36 93 59 101.0 103 36 6.9 104 35 2.90 19.6 io4 45 4 io4 50 5.2 0.1325 105 05 146.5 118 20 1.4 119 28 3-01 20.5 119 45 2.93 121 02 138 42 7.4 145.O O.1085 70.0 138 53 Steady 148.0 State 5-8 O.1251 85.O 2.99 20.0 6.2 6.82 i4o 42 8.8 O.0809 38.0 Dehydro­
i4o 5̂  0.0610 32.0 genase 141 30 77.9 2.99 21.0 activi­141 50 3.07 ties mea' 142 28 5.6 6.77 sirred 142 57 4.6 with 1 
1 2 3 4 5 6 7 8 9 10 11 12 
144 56 0.0645 42.7 cm light 
145 10 2.6 0.0830 34.7 path. 
5 147 35 0.8 hi. 3 Deten­
148 12 77-9 3.10 21.0 tion 
149 15 0.9 0.0937 time of 
149 55 0.0610 4o.o Run 5 
150 25 77-9 42.7 3.01 same as 
151 35 3.05 that of 
151 4o 0.6 Run 4, 
151 50 but in­
163 50 2.90 fluent 
166 25 1.8 0.0872 glucose 
166 50 74.4 0.0555 41.0 2.87 concen­
169 17 5-5 37-0 tration 
Steady is about 





1 02 31.2 genase 
1 40 0.1098 activi­
1 59 66.0 ties mea­
3 05 147.5 3.36 sured 
3 25 26.8 22.0 6.90 with 1 





































































































































o 4̂  
6.75 
18.0 
1 2 3 4 5 6 7 8 9 10 11 12 
133 48 42.6 64.0 
6 134 15 0.0758 
143 40 48.0 0.0633 
145 40 3.16 
158 45 18.6 
175 25 33-6 166.0 0.0870 19.O 6.70 
182 55 155-0 3.18 22.5 
186 42 56.O 22.5 
190 43 31-5 22.0 
198 20 31.0 151-9 0.0711 20.9 6,70 
204 37 76.O 20.9 
215 03 20.9 
223 00 136.0 0.0869 20.7 6.75 
227 25 21.0 
232 15 
238 54 33-7 0.0658 / 
240 40 33-1 0.0605 1 
241 55 156.0 3.29 20.5 
242 23 34.2 0.0549 • 
243 35 39-5 0.0543 
244 53 151.0 20.3, •  2.4 
245 30 46.5 0.0524 
246 35 46.5 166.0 0.0519 ,7 6.75 
247 50 47-0 0.0398 62.O 20V 7 
253 20 53-9 0.0413 21.0 
254 38 145-5 3.30 20.7 
6 263 19 0.0445 
263 47 63-0 
265 00 153-5 3-40 /' 20.6 
266 14 59-^ 6.0 
266 23 i4i.o 3.30 20.7 
270 15 50.5 156.5 0.0492 64.0 20.5 6.75 
278 59 45.0 0.1109 20.5 
279 35 137-5 20.1 
1 2 3 5 6 7 8 9 10 11 12 
282 25 128.5 3-32 20.5 
287 28 57.2 0.0849 
300 33 37.0 0.1209 
301 15 142.5 3.28 20.9 
301 25 
Steady 
State 41.1 144.3 0.0813 64.9 3.30 20.8 4.7 6.73 
00 59 55.6 0.1412 Dehydro­
3 51 77-3 0.0453 genase 
8 20 71.2 0.1035 activi­
11 15 165.O ties mea­
12 20 52.0 sured with 
13 hi 45.2 0.1403 21.1 6.75 1 cm 14 10 148.0 light 
7 15 20 40.2 3-75 path. 
16 ho 144.0 3.68 20.3 
32 25 3.63 19.4 
32 ho 164.5 6.80 
35 ho 3.73 
4o 50 56.3 171.0 0.0651 19.5 6.80 
64 45 63.6 176.3 19.5 1.0 6.70 
72 27 65.4 0-1155 19.2 
73 04 172.5 3-57 18.0 7.2 
75 00 63.0 0.1419 19-0 
75 36 3-58 19.0 
76 3^ 58.8 0.1374 19.2 
78 27 66.3 0.1263 19.0 7-0 
84 30 65.5 0.0745 
84 ^5 167.0 3.45 18,6 6.75 
89 15 176.0 70.0 20,0 
96 08 56.0 
98 55 164.5 3.45 
105 23 68.5 20w 4 3-6 
107 00 66.0 3.69 20.0 
1 2 3 4 
LT\ 6 7 
CO 9 10 11 12 
107 05 61.6 170.0 20.0 
112 45 82.0 177.0 0.0477 20.0 6.75 
7 119 33 70.1 0.0676 20.0 5.2 
121 59 65.5 0.1002 74.0 20.0 
123 00 167.5 3-hl 20.0 
123 25 59.8 0.0337 54.0 
127 50 72.1 0.0478 
128 h3 78.3 
129 15 0.0917 62.0 
129 50 3.63 
129 55 172.5 20.9 
130 50 72.4 
131 40 169.0 3.58 21.0 
137 10 74.3 174.5 0.0665 21.0 6.75 
Steady 
4.8 State 64.2 167.5 0.0909 65.2 3.60 19.8 6.76 
00 00 71.0 Dehydro­
3 10 56.7 genase 
5 37 0.0600 activi­CO 6 02 165.0 3-70 ties mea' 
6 16 4o.4 sured 
7 34 with 1 
195 26 74.3 cm light 
214 54 225.0 3.71 20.5 path. 
215 08 99-5 6.70 
216 10 0.0692 
218 41 244.0 3-71 5-2 
218 59 80.0 
221 29 212.0 3.71 
222 24 86.9 
222 39 
224 12 80.8 0.0910 
p-o 
1 2 3 k 5 2 I | 9 10 11 12 
225 48 222.0 O.O783 3.60 
226 00 78.4 0.1024 
2k0 09 212.0 0.1487 3-95 
CO
 
2k0 20 85.8 0.0980 3-95 
2kl 44 0.1487 
2hk 44 83.8 O.1057 90.0 6.66 
246 h9 87.9 O.1409 5.3 
2k7 09 226.0 
2h7 38 91.8 O.1308 
248 16 94.0 0.1284 96.O 
2k9 14 229.5 3.98 
2h9 30 0.1226 80.0 
250 09 223.0 3.95 5 = 4 
250 19 103.0 
Steady 




00 03 O.0758 genase 
1 00 I65.O activi­
1 37 55.3 0.1253 ties mea 
9 1 55 6.4 sured 
2 58 67.8 0.1054 with 1 

















10 45 4-75 19.9 








71.8 174.0 O.0555 
21.5 
20.0 
118 12 69.4 22.0 
118 35 22.0 





220 43 79-0 
221 17 4.65 221 55 179=2 20.2 222 10 85-5 74.0 223 02 179.2 4.61 223 58 94.8 O.0598 56.0 Steady 
State 87.6 176.8 O.0828 62.0 4.58 20.5 5-7 6.77 00 00 Dehydro­
00 54 103.O 0.0223 genase 1 52 186.0 4.98 activi-2 09 101.0 6.8 ties me a' 4 00 102.0 20.8 sured 4 30 185.5 O.0367 5.19 with 1 15 50 20.0 7.8 cm light 16 16 O.0526 path. 16 33 113.4 16 48 109.0 0.0862 10 43 37 131.5 0.0888 43 50 128.0 6 48 0.0448 46 58 136.3 0.0372 48 03 129.7 0.0940 48 47 183.0 4.92 6.8 49 50 188.0 0.1002 4.89 20.0 50 04 133.5 Steady 0.0691 State 131.8 185.6 — 5.00 20.2 7.8 cr
 oc 
Part B. Details of Steady State Runs with Galactose as Substrate 
Run Time Glucose Concentrations Dehydrogena se Activity Dry Flow Temp DO PH 
No. Reactor Influent 1 cm cell 
(Absorb­





i (hrs)- (min) (mg/£.; ) (mg/i.) 
ance ) ance ) tration 
(A/hr) (°c) (mg/l) 
1 2 3 4 5 6 7 8 9 10 11 12 00 00 0.0 0.2418 28 36 
4o 
44 
33 36 21 31 
1.0 2.6 130.2 127-5 
0.1871 0.2396 
84.0 0.922 0.968 20.5 1.6 6.80 
46 
hi 
31 06 1-3 0.0711 O.2262 21.0 23.0 6.80 50 50 51 
16 38 
26 4.8 






















23-0 2.0 6.80 
 70 55 51 132.5 0.1871 
Steady 
State ^3 136.4 0.1541 90.0 0.935 21.6 2.0 6.80 
1 2 3 4 5 6 7 8 9 10 11 12 
OO 00 124.5 19.1 
15 03 1.8 133.0 0.0545 0.5702 60.0 
16 26 0.939 20.0 
17 19 3»3 133.0 
2 20 38 1.7 0.0610 O.5850 70.0 
20 50 129.9 0.938 20.0 
21 12 7-3 
22 00 3-5 135.0 2.0 6.82 
23 25 0.0565 0.6472 68.0 0.974 
23 27 6.2 135.8 20.0 
Steady 
State 4.0 131.8 0.0573 0.6010 66.0 O.950 19.8 2.0 6.82 
00 0.1791 
2 12 2.4 192.2 
3 02 0.1938 102.0 1.515 
3 35 1.3 0.1349 20.1 6.6 
a Oh 171.5 1.525 
6 21 0.1487 1.510 
17 ho 0.8 0.1844 108.0 on 20 25 181.O 0.1612 1.515 19.0 6.80 
2k 42 2.7 0.1938 
25 05 182.4 1.415 
26 27 3.0 96.0 
26 49 179.O 0.1805 
26 50 l.l 1.505 20.9 
Steady 
State 1.9 181.2 0.1721 — 102.0 1.50 20.0 4.8 6.70 
00 00 5.83 1.781 
17 51 185.4 1.740 19.7 
18 45 73.6 0.3468 
4 19 46 177.2 l»726 19.7 
21 30 53.0 
23 36 67-7 0.2182 
24 08 0.2291 1.787 19.9 6.72 k 09 188.2 2k 56 67.7 4 26 27 48 38 71.3 186.8 0.2487 80.0 1-75̂  20.0 





74.5 188.8 0.2083 70.0 1.750 20.0 
Steady 
State 62.9 184.4 ~__ 0.2655 1.756 19.0 6.7 6.76 
00 00 215.5 0.0264 1.92 
0 50 83.0 172.0 3 13 85.0 152.0 0.1279 4 58 187.3 1.94 5 30 87.7 0.0943 20.0 6 37 175.0 1.96 VJl 7 24 85.5 6.80 
1 2 3 4 5 6 i 8 9 10 ii 12 
co 08 90.3 0.0889 81.0 
9 00 195.0 1.96 20.0 
9 18 97.0 0.0494 




11 00 90.0 52.0 
11 50 6.80 
11 58 204.0 68.0 1.93 
Steady 
State 87.7 185.6 0.0666 — 60.0 1.94 20.0 5.3 6.80 
00 00 210.5 1.905 
14 03 188.5 2.020 20.8 
15 09 21.0 
17 k2 19.0 
17 58 201.2 2.000 20.5 
21 01 40.1 0.1701 92.0 6.72 
23 21 2.000 20.5 




6 31 33 2.020 
3k 






4-6 05 0.1805 107.5 
46 55 
k7 19 26.8 191.5 2.070 
kl 
58 2.000 20.5 
52 03 2.000 
52 58 0.1759 102.0 2.020 
62 55 
Steady 
26.8 State 197.4 0.1742 — 100.4 2.02 20.6 1.8 6.76 
1 2 3 4 5 6 7 co
 
9 10 11 12 
00 00 0.2218 2.29 














0.2218 2.22 20.0 
7 9 20 O.5702 44.0 
Q '.5 191.8 2.29 20.0 
14 45 97-8 O.3188 46.0 
15 3^ 187.5 2.28 20.0 
15 45 O.5072 48.0 6.2 6,75 
17 50 103-3 
18 05 89.O 172 5 0.2899 28.0 
18 20 192.7 
18 32 2.31 20.5 
19 01 116.5 184.5 
20 05 0.3575 44.0 
22 18 
7 23 22 103.0 177.0 
23 40 188.0 2.26 20.5 
26 09 101.0 165.O 42.0 
27 00 2.30 20.0 
27 06 179.5 44.0 
27 16 114.6 168.O 





29 40 110.0 181.0 O.3298 38.8 2.31 20.0 
29 50 169.O 
30 38 185.0 2.32 20.5 
30 40 96,2 173*0 
31 22 102.8 27.7 
Steady 
State 100 7 181.0 — 0.3502 40.1 2.29 20.2 6.2 6.75 
Steady 
State 
00 00 2.75 20.3 
0 19 9^-5 
oo
 
02 191.8 oo 17 108.3 oo 30 0.1548 26.0 
4 02 2.79 20.4 
4 56 113-5 0.1581 CO 39 130.8 0.0878 
10 01 192.8 2.72 20.0 
10 42 0.1074 27.8 
11 48 112.6 
13 20 0.0949 
14 17 187.2 2.72 20.0 
11+ 1+7 119.0 
16 35 121.0 o.o84o 
17 50 113.7 0.0732 26.0 
18 30 183.3 2.77 20.0 
20 35 125.4 0.0946 
21 55 117.4 26.4 
22 k2 184.6 2.75 20.0 
22 50 
23 39 114.6 
23 53 29.0 
2l+ 40 2.71 20.0 
21+ 45 184.0 25.0 
116.2 187.3 -— 0.1068 26.7 2.74 20.1 
0 0 7.7 0.1002 2.76 
1 26 177.8 
2 42 0.0757 
5 52 0.0862 
6 26 165.0 2.92 
7 55 9.0 
6.7 
1 2 3 h 5 
6 7 8 9 10 11 12 
8 06 172.6 2.87 
9 19 12 2.78 20.5 6-73 
19 58 170=8 0,0800 
20 36 
23 05 0.1669 
24 58 154.6 2.84 
26 41 
30 11 13-5 
30 44 
32 37 17.O 
33 04 167.0 2.84 
34 39 11 .7 








38 41 2.74 20.5 
39 01 0.0849 
40 55 27.8 
41 08 








2.78 20. 5 
59 02 149.7 
59 23 18.4 0.0862 62.0 
60 11 17.2 
61 43 2.83 20.0 
61 52 20.5 
61 53 
Steady-
State 24.0 165.2 0.0946 — 63.0 2.81 20.4 4.8 6.75 
0 0 48.0 18.5 
0 57 182.O 
10 2 12 145.0 0.0177 
1 2 3 k 5 6 7 8 9 10 11 12 
2 57 203.0 40. 0 3.05 
4 01 143-0 0.0200 O.1871 
4 57 0.2090 2.95 
k 58 181.0 0.0223 O.0969 20.5 
10 7 34 0.0841 
8 22 212.0 0.1337 32 0 2.98 
9 28 163.O 0.0246 0.1319 
10 27 189.O 0.1307 
11 14 I 8 5.O 3-00 19.5 7-1 
11 25 158.O 26 7 
12 21 I 8 7.O 0.1018 2.96 
Steady 
State 172.8 193.8 0.0212 0.1344 29 4 2.99 19.5 6.0 7 .1 





















11 32 87.5 
11 kl 234.0 3.49 
12 36 66.1 
12 55 273.5 3.54 
14 22 0.1107 
15 05 269.0 3.49 22.0 6.92 
16 26 O.O969 
18 15 117.0 244.0 0.0921 3-58 22.0 
23 18 123.4 
24 26 120.0 
25 k8 0.0921 
11 26 11 258.0 3.70 
26 58 3.56 22.0 6.82 







32 08 267.0 0.0850 3.59 
32 37 119.0 
33 10 54.0 
33 40 133*0 
33 53 249.0 3.50 20.0 
34 20 128.0 51.2 
35 22 134.7 
35 28 252.0 3.50 20. C 6.92 
52 18 134.0 52.0 
Steady 
State 133.9 255.8 0.0958 52.1 3-52 21.0 4.1 6.90 
H 
Part C. Details-of Steady State Rims with Glucose and Galactose Mixtures as Substrates 
Run Time Glucose Concen- Galactose Con- Dehydrogenase Dry Flow Temp DO pH 
No* trations centrations Activity Solids Rate 
Influent Reactor Influ- Reac- 1 cm 10 era Concen-
ent tor cell cell tration 
2 3 4 5 0 0 0.7 
0 28 1 19 1 26 107.3 2 28 3 03 4 48 118.4 5 28 7 28 116.9 CO 35 2.5 10 10 1.1 10 56 125.3 15 38 109.3 18 08 0.5 22 58 0.5 23 4  27 5̂ 106.7 28 12 0.2 29 20 29 24 113.2 30 24 31 01 0.2 





20.6 2.095 20.5 2.005 
2.004 19.4 2.095 
1.980 I9.5 




1.990 2.0 0.1094 
1 2 3 1+ 5 6 7 8 9 10 11 12 13 14 
33 33 
33 43 19.5 
36 30 6.6 0.8 0.1760 
37 30 
39 27 6.3 0.7 O.1803 164.0 
40 18 2.130 19.3 
ho 23 111+.5 
ho ho 7,0 0.8 0.1868 136.0 
hi h9 9.1+ 0.1612 122 
h2 ho 
43 h3 125.3 0.1593 114.0 2,160 20.2 
1 jh hQ 
Steady 
State 113.9 3-2 119.9 3.1 O.1615 114.0 2.02 19.3 2.0 6.8 
0 0 2.73 








18 03 2.1 0.1521 
18 53 118.9 145.6 2.68 19 .1 6.76 
19 20 1.7 O.1282 
20 23 1.1+ 
21 h3 122.8 H+7.5 2.58 19.8 
hi hi 19.5 
112 18 5.8 
116 21 164.0 2.56 18.9 
119 45 20.0 
136 19 0.5 15-1 
136 18 
2 138 28 0.1647 
139 13 2.62 20.4 
Iho 30 O.1282 
ihl 13 120.5 149.0 2.60 20.0 
1 2 3 4 5 6 7 8 9 10 II 12 13 ih 
141 38 1.4 25-8 
143 13 157.3 2.58 20.0 
Ikk 45 1.5 
144 55 40.1 0.1130 
148 21 1.1 36.2 0.1293 
148 43 156.7 2.48 
149 03 2.66 20.0 
149 29 0.9 37.4 6.80 
149 42 O.I676 110 
153 51 2.5 44.8 
154 01 0.1090 92.0 
154 25 2.0 27-6 
154 43 0.1615 128.0 
2 154 50 148.2 2.68 20.1 
159 25 3.6 
Steady 
State 120.7 1.7 153.4 37.2 0.1441 110.0 2.62 19.8 3.6 6.78 
0 0 186.9 2.84 19.6 
0 52 
1 14 2.84 20.0 
5 28 2.86 19.6 
7 26 8.0 
8 23 6.6 
3 9 23 9-9 0.2904 
11 40 181.5 
13 00 6.0 194.4 72.0 
13 33 0.0704 6.8 
Ik 48 4.6 64.4 O.O933 
15 39 135-2 186.1 2.92 
17 35 59.9 0.0753 
20 01 2.96 20.4 
20 03 124.7 197.5 
23 07 4.3 61.0 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
23 16 0.3059 
23 53 126.3 180.4 2.86 20.1 





37 06 0.0875 
37 45 0.2774 
45 48 130.0 196.4 2. 92 20.1 








50 14 4.4 61 .1 
50 28 
51 19 64 .1 0.1145 
52 28 2.84 19.7 
53 20 131.0 186.3 72.3 
54 01 2.85 19.8 







61 02 66.4 0.3947 
62 28 129.0 175.0 2.93 20.5 
63 34 69.1 0.0905 






























69 33 4.7 68.6 3 69 38 4.0 Steady 
State 129-1 5.5 185.2 67.9 O.O858 0.4004 118.6 2.85 20.1 4.0 6.8 
0 0 11.8 136.3 
1 0 
18 45 50.8 0.0288 21 10 46.0 136.0 0.0339 
21 29 139.1 172.5 3.35 20.0 
23 53 50.0 0.0377 0.2031 26 58 140.4 172.6 3.25 20.0 27 26 49.9 124.2 0.0438 0.2845 28 47 35-1 127.0 6.74 h CA
 rH 
CM on 10 08 149.2 42.0 166.9 128.3 0.0311 0.2066 3.37 20.0 
32 07 144.4 162.4 3.32 20.5 
33 47 33.4 0.0427 0.2702 82.0 
34 09 159.0 158.0 3.29 20.2 
35 he 41.1 128.0 0.0334 0.2090 92.0 
36 35 150.8 167.5 3.31 20.0 36 ho 5.0 7 09 41.7 124.0 
37 38 35 46 153.1 162.5 94.0 3.31 
53 38 43.6 120.0 









0.0121 0.1683 6.82 
5.7 
62 31 150.0 160.0 3.28 20.0 62 8 86.0 3.45 62 55 Steady 
State 1 5 1 . 1 44.9 165.0 127.9 0.03312 0.2285 83.5 3.32 20.1 5.35 6.78 





l_ 2 3 h 5 6 7 8 9 10 ll 12 13 14 
5 31 55 183*0 0.1576 3.50 
32 13 74.0 
32 16 72.8 172.0 
Steady-
State 157.0 74.1 190.5 150.5 0.1741 69.6 3-51 20.2 6.45 6.8 
0 0 
0 12 3.89 
0 55 79-5 177.5 0.3923 
1 40 85.0 153.2 0.1721 
1 59 163.5 195.4 3-86 20.0 
2 27 84.2 167*5 0,1207 
4 14 91.3 164.4 0.0757 6.40 6.76 
14 25 169.4 0.0939 
16 16 76.2 76.0 
6 16 37 159*6 184,4 3*86 20.9 
18 50 163.2 200.0 3.96 20.0 
19 03 64.9 166*7 
19 58 80.0 168,0 
22 24 88.3 163*4 
22 50 165.5 200.0 72.0 3.91 
24 38 89.2 164,0 0.1008 
26 14 93*0 179*0 0.0866 
27 17 92.5 172.7 64.0 
28 00 169.3 208.0 3.88 
29 52 86.4 174.0 0.1024 72.0 
30 38 159.5 203.5 68.0 3.91 21.0 
6 32 35 83.4 165.0 80.0 
33 09 72.5 163.0 6.80 
Steady 
6.40 State 163.4 85.8 201.4 167.7 — 0.1320 72.0 3.90 20.5 6.78 
0 0 104.9 172.4 6.84 
7 0 46 102.9 164.2 
1 25 170.0 I89.O 4.38 20.7 
1 2 3 4 5 b 7 8 9 10 11 12 13 14 
3 12 104.4 169.5 
3 38 170.0 188.4 4.42 21.4 5 03 188.4 4-39 20.7 5 47 6 01 103.0 168.4 o.i4o4 7 30 106.1 7 ko 184.0 7 57 167.2 190.0 4-39 8 52 52.0 10 27 100.0 177.2 10 44 0.1167 52.0 7 11 38 172.0 212.0 4.38 12 l4 103.6 190.0 54.0 12 1+9 0.1854 52.0 13 15 112.0 195.0 13 58 0.2218 58.0 Ik 14 113-5 195.0 50.0 Ik 43 160.0 196.0 4.43 20.0 6.30 15 27 0.1568 46.0 15 54 115.2 188.4 16 27 172.0 198.0 4.4o 6.80 17 59 0.1389 44.0 19 44 172.5 200.0 42.0 4.41 20 03 110.2 201.5 0.2145 44.0 22 21 160.0 200.0 4.42 21.0 22 29 Steady 
State 168.0 106.9 195.7 194.O 0.1678 52.0 4.402 20.8 6.30 6.82 
2 3 4 7 
0 0 129-7 186.0 
0 28 
1 07 188.0 216.0 
1 23 124.6 190.4 
1 55 122.8 
2 23 
3 04 188.2 203-0 
3 23 125-0 179-5 
5 05 133-6 185-0 
5 41 182.7 205-8 
5 46 121.5 171-0 
6 51 181.0 231.0 
6 55 
7 08 
7 24 125-1 194.2 
Steady 
















44.0 21.0 6.0 
44.0 
,.76 




X" ( 2 1 2 ) 
From substrate balance, 
-dXg = — + ^e d 6 ( 2 1 3 ) 
(a) When K is very small 
ax? 
= A 0 o ( 2 1 4 ) and 
m 
X° = Xgek 9 (215) 
From Equations 213, 214, and 215 
Solution of Equation 2l6 is 
DERIVATIONS OF EQUATIONS FOR SUBSTRATE UTILIZATION 
BY BATCH CULTURES 
1. Single substrate utilized for growth and energy of maintenance 
dX° k^X* 
rO 
4 3 0 
X° = x0s - ^ i H U [e^.i] ( 2 1 7 ) 
Yk 
(b) When K is large 
From Equations 212 and 213 
< A S + i<Y(R>X*) 
^ Y ( K < (218) 
If Xq is much larger than Xq S O that X° ~ Xq, the solution to Equation 
218 is 
in v W rmYK+(km+mY)xf Y 
{ s s } + K(m-(k +mY)} f ^ i_9|l ( j 
Xg(km+mY) L km+mY mYK+(km+mY)X^ 
2. Utilization of glucose from a mixture of glucose and galactose 
If glucose supplies the growth requirement and galactose supplies 
the energy requirement, then 
- dxf = u'dX° (22CT 9 g 9 ' 
and 
< kM - -J- = ll'x° (22i: 
K+X 
From mass balance 
K = XS + (xf-xf)/u 
Substituting Equation 222 into Equation 221 
431 
D X ? M X | ( X G U > X F - X F ) 
CIE = K (223: K + X 
Solution of Equation 223 is 
J(NU'+XL-Xrn 
In XR = In 
U 
RX 
"X 0 —1 
X G U + X | 
£> 
K 
X G U ' + X F - X F K M E 
in ^_— — - ^ (X°oU'+XG 
(224) 
X Q U 
Equations 217, 219, anol 224 are identical with Equations 169, 172, and 
170, respectively, of Chapter VIII. 
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